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Abstract

Ultrathin magnetic multilayer structures are prepared by Molecular Beam Epitaxy (MBE)
on GaAs(001) substrates. Growth was monitored and characterized by Reflection High
Energy Electron Diffraction (RHEED), Auger Electron Spectroscopy (AES), X-Ray
Photoelectron Spectroscopy (XPS) and Scanning Tunneling Microscopy (STM). The
Fe/GaAs interface and its influence on the static magnetic properties in magnetic ultra-
thin films was studied by means of Ferromagnetic Resonance (FMR) and Mossbauer spec-
troscopy. These studies were performed using the high quality single crystalline Fe(001)
films. It will be shown that in ultrathin magnetic films the magnetic properties are gov-
erned by the interface and bulk contributions. The static and dynamic magnetic proper-
ties of the Fe single and double layers were studied by FMR and Time Resolved Magneto-
optic Kerr Effect (TRMOKE) in a wide range of microwave frequencies. Magnetic damp-
ing was studied in the Au/Fe/GaAs(001) structures as a function of thickness of the Fe
and the capping Au layer, respectively. Spin currents generated by spin pump/spin
sink effects were extensively investigated in magnetic Au/Fe/Au/Fe/GaAs(001) double
layers. Pure spin current driven dynamics in these magnetic double layers was studied
using the TRMOKE technique. Spin accumulation and spin diffusion model was applied
to explain the spin momentum propagation in the Au spacer. The spin diffusion length
in Au was found of 34 nm at room temperature. The spin pump/spin sink theory was
tested for antiparallel driving of the two Fe layers in Au/Fe/Au/Fe/GaAs(001). This
condition was achieved via patterning the sample into a coplanar waveguide. Results are
in good agreement with simulations based on the spin pump/spin sink model together
with diffusive transport of the accumulated spin momentum across the non-magnetic
spacer. The Au/Fe/Au/Fe/GaAs(001) structure was used to study the spin pump/spin
sink effect in a non-collinear orientation of the magnetic moments. It is shown that only
the transverse component of the spin momentum to the static magnetization contributes

to non-local dynamics.
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Chapter 1
Introduction

Nano-magnetism is developing in a fascinating manner. The ever increasing rate of in-
terest in this field is driven by several factors. Firstly, the use of the Molecular Beam
Epitaxy (MBE) technique in magnetism in the early 80’s created the possibility to pre-
pare unique magnetic structures. Consequently the 80’s and 90’s were marked by a
number of important discoveries in magnetism: interface anisotropies, the interlayer
exchange coupling mechanism, and the Giant Magneto Resistance (GMR) effect [1].
These are perhaps the most important milestones along which the further development
of magnetic nanostructures has evolved. The importance of these three effects was in-
stantly recognized by the scientific community. The field of magnetic nanostructures is
a new and central area of advanced condensed matter science and has led to a major
new developement in electronics called ”spintronics”. In spintronics the electron spin
momentum plays a role equal to the role of the electrical charge. Magnetism has now
merged with electronics in a very fundamental manner allowing one to create new tech-
nologies for data storage, data transfer, and logic operations. Research on these subjects
is, at the present time, probably the most widely worked on in the category of solid state
physics. And of course new information always raises new questions, which have yet to
be answered. During the course of this thesis work I focused on the investigation and
understanding of the basic properties of ultrathin magnetic films. These studies led to
a better understanding of spin dynamics which, in an important way, influences further
developments in spintronics.

The small lateral dimensions of spintronics devices require the use of magnetic metal-
lic ultrathin film structures, where the magnetic moments across the film are locked
together by exchange coupling. This simplifies the description of thin-film magnetic

systems. One does not need to worry about spatial variations of the magnetic moment
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across the film thickness.

The excellent crystalline quality of the magnetic thin films used during the course
of this thesis work provided suitable systems for understanding the microscopic mecha-
nisms which determine macroscopic quantities like the magnetization vector, magnetic
anisotropy, and magnetic damping. The work in this thesis was based on the following
important steps and techniques: (a) Preparation of single-crystalline magnetic single
and multi-layer structures on GaAs(001) substrates using the Molecular Beam Epitaxy
(MBE) technique; (b) The utilization of vacuum compatible, monolayer-sensitive analysis
techniques: RHEED, STM, XPS, and Auger spectroscopy; (c) Ferromagnetic Resonance
(FMR) studies using microwave spectrometers and a microwave network analyzer; (d)
Development of a sophisticated time (ps), lateral (um), and depth (nm) resolved Mag-
neto Optical Kerr Effect (TRMOKE) system for probing static and dynamic magnetic
properties of the thin-film specimens; (e) SQUID and MOKE systems for static magne-
tometry; (f) The development of computer codes allowing one to carry out simulations
of magnetization dynamics in magnetic single and multilayer systems.

In the limit of ultrathin films the interfaces represent a considerable part of the
magnetic structure. It will be shown that the Fe/GaAs(001) interface structure can
introduce a unique in-plane uniaxial magnetic anisotropy which in principle should be
absent in systems having cubic symmetry. In fact this anisotropy was crucial in a number
of experimental studies to be presented in this thesis. A robust in-plane interface uniaxial
anisotropy in the Fe/GaAs(001) films allowed one to investigate the magnetic excitations
in non-collinear magnetic moment configurations and spin pumping in magnetic double
layer Fe/NM /Fe/GaAs(001) structures where it was important to separate the resonance
conditions of the two Fe films (NM stands for a normal metal spacer layer).

Magnetic relaxation processes are the object of much of the ongoing studies in spin-
tronics. Magnetic relaxation in metals is perhaps one of the most controversial and least
understood subjects of spin dynamics. In this thesis [ will show that many controversies
arise from extrinsic factors that are often not well identified and understood. Magnetic
damping can be influenced by various factors. Some of them are intrinsic and cannot
be avoided while others are extrinsic and most likely are caused by either structural or
compositional defects. In order to understand these processes one needs to create simple
systems where one can isolate and enhance a particular damping mechanism in order to
study it in detail. In this thesis six major aspects of spin dynamics were addressed:

(i) The rules which allow one to separate and identify intrinsic and extrinsic contributions

to the damping.
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(ii) Separation of the interface and bulk contributions to the intrinsic magnetic damping.
(iii) Investigation of spin dynamics in a system containing a self- assembled network of
misfit dislocations and their contribution to extrinsic magnetic damping.

(iv) Study of the spin momentum transfer mechanism in magnetic single layers covered
by a normal metal.

(v) Examination of spin momentum transfer in magnetic double layers.

(vi) Determination of the spin diffusion length in Au using Fe/Au/Fe(001) structures.

Studies of intrinsic magnetic damping mechanisms required nearly ideal structures.
The Au/Fe/GaAs(001), Au/Fe/Au/Fe/GaAs(001) and Au/Fe/Ag/Fe/GaAs(001) mag-
netic ultrathin structures were prepared using MBE. The small 1.4% lattice mismatch
between Fe and GaAs enabled us to prepare high quality crystalline magnetic multilayers
on a semiconductor substrate. The lattices of Au[001] and Ag[001] are almost matched to
the Fe[001] lattice when rotated by 45° around the [100] crystallographic axis. The crys-
talline quality of the deposited structures was monitored by means of in situ reflection
high energy electron diffraction (RHEED) and scanning tunneling electron microscopy
(STM). In addition, cross-sectional transmission electron microscopy (XTEM) images
were obtained at the Max Planck Institute in Halle [2]. Patterning of magnetic pixels
and coplanar microwave transmission lines for the TRMOKE studies was carried out at
the University of Regensburg using their wet lithography facilities.

It will be shown that in magnetic single layers having a high degree of crystalline
perfection the magnetic relaxation can be described by the Gilbert damping mechanism.
I will demonstrate that the Gilbert damping in ultrathin Au/Fe/GaAs(001) magnetic
single layer films consists of both bulk and interface contributions. It will be shown
that the deviations from Gilbert damping observed at low microwave frequencies are
not due to intrinsic relaxation terms as claimed by some groups, but are of extrinsic
origin. They are caused by long range magnetic inhomogeneities. In the magnetic
double layers (F1/NM/F2), layers separated by a nonmagnetic spacer layer (NM), there
is an additional Gilbert like damping contribution. It arises from dynamic non-local spin
transport. At the F1/NM interface spin pumping creates a pure spin current entering
the NM spacer layer and this spin current propagates across the NM spacer and becomes
absorbed by the NM/F2 interface [3, 4]. One layer acts like a spin pump and the other
layer acts like a spin sink. Since this current is not accompanied by a net electric
charge flow this mechanism has the potential to lead to a spintronics device having no
capacitance. The spin pump/spin sink effect in this thesis was studied under various

experimental conditions using symmetric and asymmetric rf magnetic field driving. For
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the first time it has been successfully demonstrated that one can directly measure the
propagation of a spin current across the normal metal spacers using TRMOKE (Time
Resolved Magneto-Optic Kerr Effect). It will be shown that the propagation of spin
momentum can be described by a diffusion equation, and this can be used to determine
the momentum and spin flip relaxation times in Au and thereby enables one to obtain
the corresponding spin diffusion length.

Extrinsic contribution to the magnetic damping will be illustrated with the utmost
clarity using Au/Fe/Au/Pd/Fe/GaAs(001) structures. The lattice match in these struc-
ture is very poor. The Pd lattice is mismatched to the Fe lattice by ~ 4 percent, and
this results in a self assembled network of misfit dislocations. It will be shown that this
dislocation network leads to strong two- magnon scattering. At low microwave frequen-
cies this two-magnon scattering results in an effective Gilbert damping that exceeds the
intrinsic damping by more than one order of magnitude. The desired reversal time of
the magnetic moment in spintronics device pixels corresponds to the time domain of
low microwave frequencies, the order of 10 GHz, and therefore it is possible to engi-
neer a desirable magnetic relaxation time by means of the extrinsic damping due to the
self-assembled network of magnetic defects.

Due to a significant variety of experimental tasks several rf techniques were employed
in the study of magnetic properties. The FMR measurements at low microwave frequen-
cies were performed using a network analyzer (NA) technique (1 to 20 GHz). FMR
measurements from 9 to 73 GHz were carried out using standard microwave spectrome-
ters and rectangular wavequides. TRMOKE experiments were carried out on a modified
system at the University of Regensburg. The modified TRMOKE system allowed one
to carry out stroboscopic MOKE studies using a coplanar wavequide operating with a
continuous wave (cw) microwave signal that was synchronized with the the train of fs
laser pulses: this allowed one to measure the rf magnetization precession in the cw time
domain. This technique was used to directly monitor the propagation of spin currents
in the Au spacers.

This thesis is organized in the following way: Chapter 2 provides the theoretical
background necessary for the understanding and interpretation of the measured data.
Chapter 3 describes the experimental techniques and equipment that was used to pre-
pare the samples and to carry out the magnetic measurements. In Chapter 4 the
sample growth, static magnetic properties, and dynamic magnetic properties of single
and double magnetic layers are discussed. Several aspects of the static properties are

addressed: (a) interface and bulk anisotropies, (b) influence of the Fe/GaAs interface on
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magnetic properties of the Fe layer, and (c) unique static properties of samples charac-
terized by good crystalline quality. Studies of dynamic properties in this chapter cover
the following topics: (a) measurements of intrinsic Gilbert damping, (b) analysis of the
damping parameter in nearly ideal structures at low microwave frequencies, (c¢) damp-
ing enhancement due to the spin pumping mechanism and (d) extrinsic damping due
to short wavelength inhomogeneities. Chapter 5 describes the FMR experiments that
provide a reliable test of the spin pump/spin sink theory in magnetic double layers. The
FMR experiments on these double layers were carried out in the following configurations:
Section 5.2: a collinear configuration of the magnetic moments in which the two layers
are driven in-phase by the rf driving fields. Section 5.3: collinear configuration of the
magnetic moments in which the two films are driven by anti-parallel rf magnetic fields.
Section 5.4: a non-collinear configuration of the magnetic moments using in-phase rf
driving fields. Chapter 6: deals with the spin momentum propagation through the Au
spacers. Section 6.1 covers FMR experiments on magnetic single layers (Au/Fe/GaAs).
The direct observation of pure spin current driven dynamics is presented in Section 6.2.
This section concludes with the measurements of the spin diffusion length in Au via di-
rect observation of spin current driven dynamics presented in Subsection 6.2.7. Section
6.3 compares our FMR and TRMOKE measurements with measurements reported by
other groups. Conclusions drawn from this thesis work are presented in Chapter 7.
Additional information on the sample patterning procedure is presented in Appendix
A. In Appendix B the theoretical derivation of spin pumping theory based on the

Buttiker formalism is summarized.



Chapter 2
Theoretical considerations

In this chapter a brief review of important theoretical aspects of this work is presented.
The magneto-crystalline anisotropies and magnetization equations of motion will be
discussed in the limit of ultrathin magnetic films. The rf susceptibility at Ferromagnetic
Resonance (FMR) in the presence of magneto-crystalline anisotropies will be derived.
Extra emphasis will be put on magnetic damping. Firstly, the origin of intrinsic damping
due to the spin orbit interaction will be described. Secondly, non-local damping will be
addressed in detail using a time and spin dependent scattering matrix. The interaction
of light with a magnetized media will be addressed in order to interpret the time resolved

Kerr effect measurements.

2.1 Magnetization in ultrathin magnetic films

The description of the magnetic properties of ultrathin films can be significantly simpli-
fied compared to that for bulk materials. Ultrathin layers loose their internal degree of
freedom. The exchange coupling in thin ferromagnetic layers that are excited by an rf
magnetic field that is uniform in the film plane keeps the magnetic moments across the
film nearly parallel and hence the concept of a giant magnetic moment can be applied
to the individual layers. Interface and bulk magnetic properties are shared together in

ultrathin films allowing one to create unique magnetic systems and materials.

2.1.1 Magnetic anisotropies in thin films

The magnetic anisotropy describes the dependence of the magnetic energy on the di-

rection of the magnetization. There are two main contributions: these are the shape
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anisotropy and the crystalline anisotropy energy density. The shape anisotropy arises
from the dipolar energy in a finite specimen. The crystalline anisotropy is caused by
the spin orbit interaction and leads to a magnetic energy density dependent on the

orientation of the magnetization with respect to the crystalline axes.

Crystalline anisotropy The magnetic anisotropy energy (MAE) is given by the work
(Warag) needed to rotate the magnetization from an easy direction, corresponding to
a minimum energy, to an arbitrary direction. If this rotation is performed at constant
temperature, the MAE is given by the change in the free energy F'. This is easy to see
when one considers that for a closed system (no exchange of particles) dF' = dW — SdT,
S being the entropy; at constant temperature, T', this expression reduces to dF' = dW.

Consequently:
2
FQ—Flz/ dWMAE:MAE, (21)
1

where 1 and 2 denote the initial and final directions of the magnetization.
YA
A

Figure 2.1: The laboratory system of coordinates is described X,Y,Z. M and H are
the magnetization and applied magnetic field, respectively. The x,y,z coordinates are
used to describe the magnetization dynamics. The x axis lies parallel with the static
magnetization vector ]\7[3.

The total free energy has to include a contribution from the work done by the force.
In magnetism this contribution is called the Zeeman energy. The anisotropy energy plus
the Zeeman energy then represents the Gibbs magnetic energy. The static direction of

the magnetic moment is determined from the minimization of the Gibbs energy. In a
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single domain one needs to find the magnetization angles ©,; and ¢, for a given external
field H. In equilibrium the torque M x H due to the external field is balanced by the
torque due to the magnetic anisotropy. The direction of the magnetization M can be
different from the direction of the external field 7. This effect is particularly pronounced
when the Zeeman energy density is comparable to the anisotropy energy density. When
the external field is not oriented along a magnetic easy axis the magnetization points
somewhere in between the direction of the easy axis and the direction of the field .
This effect is often referred to as “magnetization dragging”.

In the theory of FMR one needs an expression for the rf susceptibility. In order to
proceed one needs to determine the effective fields arising from the magnetic anisotropy.
The anisotropy effective fields, ﬁe ¢, can be derived from variational calculations [5] and
is given by

- oF
He )
ff N

The phenomenological expression for I has to satisfy the symmetry of the system [6].

(2.2)

In the following we will limit the discussion to cubic symmetry which is relevant for this
thesis. The free energy of a single magnetic domain can be expressed in a power series
of the directional cosines of the magnetization vector M Doy = % - é; (1=X,Y,Z), where
the coordinates X,Y,Z are defined by the principle crystallographic axes < 100 >,

ax = sin © 7 cos vy, (2.3)

ay = sin Oy sin @y,

oy = cosOy,.

Ultrathin films of cubic materials grown along the [001] crystallographic direction have
in general a tetragonal symmetry. The corresponding free energy per unit volume can

be written in the form [6]:
cub 1 4 4 1 1 4 1 2
F; :_§K1<O‘X+04Y)_§K1 ay — Ko7, (2.4)

where K, Ki- are the in-plane and perpendicular four-fold anisotropy parameters; and
K} is the perpendicular uniaxial anisotropy energy density parameter. The four-fold
terms in Eq. 2.4 in the absence of tetragonal symmetry (K; = Ki-) lead to pure cubic
anisotropy:

F& = Ky (akay + akay + ayay) , (2.5)

since

ay +ay +ay=1-2axai +axay +aiay). (2.6)
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In the coordinate system of Fig. 2.1 the cubic anisotropy energy term can be written

explicitly using relations 2.3:
Feb = K (sin® © 7 cos? ppr sin? Oy sin? opr) + K1 (sin? Oy cos? opr cos®> Oyr)  (2.7)
+ K (sin? ©y; sin® ¢y, cos® O )
= K,sin’ 0, — %Kl(cosélgoM + 7)sin* O,

This equation shows that for K7 > 0 the < 100 > directions are the easy axes while for
K, <0 the < 111 > directions are the easy axes.

Shape anisotropy At each lattice point within a cubic lattice the dipole fields of all
other lattice points results in a dipolar field proportional to the saturation magnetization
and therefore plays no role in the torque. However this is only true for an infinite system.
As soon as surfaces are present, a magnetic pseudo surface charge develops and results
in a dipole-dipole interaction energy. In systems with reduced dimensions, such as a thin
film, the shape anisotropy might even be the leading term in the overall MAE. For a

thin film the shape anisotropy has the form of a uniaxial anisotropy:
Fdemas — ox DM? cos® Oy (2.8)

where D is the demagnetizing factor and is very close to 1 for sufficiently thin films.
For very thin films only a few atomic layers thick the continuum approximation fails to
describe the dipolar shape anisotropy [7, 8, 9]. The discreteness of the atomic moments
results in a variation of the dipolar field across the sample particularly in the vicinity of
the surface [10, 11]. The dipolar field generated by a given layer decreases exponentially
away from its surface with a decay length given by the in-plane lattice spacing. Thus
the average value of the total dipolar field at a given lattice site strongly decreases when
the thickness of the film is decreased to a few monolayers. For the bee(001) Fe films this
reduction can be written as a reduced demagnetizing factor: D = 1— %, where N is the
number of atomic layers in the film. In fact this contribution acts like a perpendicular

uniaxial anisotropy with K| 4;, = 0.425m M2ag, where ag is the lattice spacing parameter.

Surface anisotropy In thin films the presence of the symmetry breaking at the in-

terfaces introduces a uniaxial anisotropy term
Flt=—-Kra3 (2.9)

A non-zero uniaxial perpendicular anisotropy can also be induced by vertical lattice
distortions and magneto-elasticity energy terms [7]. In a purely cubic lattice the expres-

sion for the anisotropy energy contains no quadratic directional cosine terms because
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any such term would have to appear in the combination a3 + a? + o = 1. However,
any distortion normal to the film surface causes the in-plane and out-of-plane axes to
become non-equivalent leading to an anisotropy term ~ a%.

A uniaxial anisotropy energy term can also occur with an axis oriented in an in-plane
direction. This can be caused either by preferential interactions due to electronic hy-
bridization at the film-substrate interface or because of a magneto-elastic energy density
associated with a uniaxial in-plane shear [12]. Such a term can be described by the

uniaxial in-plane anisotropy density
Fll = — K, sin O/ cos’(¢ — 6) , (2.10)

where K, is the anisotropy strength and ¢ is the angle that the uniaxial in-plane
anisotropy axis makes with respect to a fiducial direction.

The terms Fdemas, FSH, and F are a consequence of the thin film geometry, lattice
strains, and the breaking of the lattice symmetry at the interfaces.

In order to separate the anisotropy into volume and surface contributions one needs
to investigate the anisotropy generated effective fields as a function of 1/d, where d is
the film thickness. In this case the anisotropy energy density is given by a constant term
and a term proportional to 1/d. The constant term is determined by the bulk anisotropy
parameter, and the slope describes the interface anisotropy parameter.

The magnetic free energy can then be presented in the following form:

F = Fewb  pdemag o pll 4 L (2.11)

2.1.2 Landau-Lifshitz-Gilbert equation of motion

The motion of the magnetization vector in the effective field Hef 7 is described by the
Landau-Lifshitz-Gilbert (LLG) equation of motion [7]:

10M S al- 0n
§W——[MXHint]+;[MXE}7 (2-12)

where 7 is the unit vector in the direction of the magnetization M, v = ¢ | e | /2mc is

G
yMs

damping parameter. G is the Gilbert parameter in units of inverse seconds. The first

the absolute value of the gyromagnetic ratio, and o = is the dimensionless Gilbert
term on the right-hand side represents the torque on the magnetization due to the
internal field ﬁint. In the static case 77 has to be parallel with the internal field H ef f.anis T
ﬁdc, where ﬁdc is the applied external field.
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The second term represents the Gilbert damping torque [7, 13, 14]. With an increas-
ing damping coefficient a the second term on the right hand side of Eq. 2.12 eventually
becomes dominant and % — 0. For a — oo the magnetic system approaches its
equilibrium at an infinitely slow rate.

Other forms for the phenomenological damping term can be found in the literature:

for example the Landau Lifshitz (LL) term is expressed in the following form:

A
YM?2

(M x [M x Hin), (2.13)

where A is the LL damping parameter.
The Gilbert and LL damping terms are identical for small damping, o < 1. In fact
the LL equation can be transformed to the LLG equation by means of the following

substitution:
A 1

M. =Y, YV =YGibT (2.14)

1+ a?

The difference between the LL and Gilbert forms of damping occurs only for large damp-
ing, « ~ 1. In the LL equation with increasing A the damping term becomes dominant
over the precessional torque M x ﬁmt. One can view it as an increasingly fast relaxation
to the lattice. Effectively it means that the system is always in a quasi-equilibrium state.
This behavior is unrealistic. In fact the LL damping was derived from general thermody-
namic principles only for the limit of weak damping [15, 16]. The magnetization vector
should slow down as if it was put in a thick gel, consequently (% — 0) and therefore the
magnetization never reaches equilibrium and indeed the Gilbert relaxation term behaves
in this manner.

Equation 2.12 describes both the static and dynamic response of the system.

2.1.3 Ferromagnetic resonance

The dynamic response of a magnetic system can be calculated by applying a small rf
magnetic field h, = h exp™!, where w is the circular frequency, and h, 7 is oriented per-
pendicular to the static magnetization M s. The resulting torque leads to a precessional
motion of the magnetization M [17]. In FMR the 1f field h in ultrathin films is equal to
an external driving field created in a microwave cavity assuming that the driving field is
symmetric, the same on both sides (top and bottom) of the film. For small precessional

angles equation 2.12 can be linearized by looking for solutions in the form:

—

M = M, + m, (2.15)
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where M, is the static saturation magnetization and m is the rf magnetization component

perpendicular to M,. Thus the total internal field is
Hipy = Hopy + Hyo + Dy (2.16)

It is convenient to carry out this linearization in the (x,y,z) magnetization coordinate
system in which the x axis points along the direction of ]\7[5 and the y axis lies in the
film plane parallel to the rf field ﬁ, see Fig. 2.1. For a small angle of precession m < M.

The directional cosines with respect to the XY,Z system of coordinates are given by

z . M, . M,
ax = ﬁcosgaMsm@M—MysmgpM—McosgoMcos@M (2.17)
M o sin©y + M - i o (2.18)
Qy = M SN @y S1IN Y M COS Qar M S @ py COS Yy .
M, M, .
O[ZZWCOSQM—{—WSIHQM (219)

where the magnetization components refer to the magnetization co-ordinate system:

x,y,z in Fig. 2.1.

In-plane configuration: The magnetization and external field lie in the film surface,
ie. Oy = Oy = 90°. The effective anisotropy field ﬁeff must be calculated using
equations 2.11 and 2.2 along with the direction cosines given by 2.17, 2.18 and 2.19.
The magnetization vector M in the (x,y,z) coordinate system can be written for small

deviations from equilibrium:
M = M,i + myg +m.2. (2.20)
where Z, 7, Z are unit vectors. The total external field is

Hye = Hy{cos(pnr — o) — sin(onr — on)i}- (2.21)

The anisotropy effective fields were inserted into equation 2.12. Solutions for m were
found using the following ansatz m = (my,g + m.2) exp™*. After linearizing the LLG
equations, i.e. dropping all higher order terms in m,, m, and h, the following coupled

system of equations was obtained:

z'fmy + (Besr + iaf)mz =0, (2.22)
g g

(Hegr + ia%)mz - i%my = h,r M. (2.23)
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The z component of the LLG equation of motion also includes a large term proportional
only to the large effective field components. This term is zero after minimizing the total
Gibbs potential. It states that the dc torque is zero in equilibrium. The effective fields

B.g and Heg are

By = Hye COS((pM — SOH) -+ 47TMeff -+ (224)
K !
+2]\415 (34 cosdpn) + Ms(l + cos2(pn — 0)),
2K 2K
Heg = Hyecos(py — on) + Ml cos 4y + A7 °8 2(on — 0). (2.25)

Here 0 is an angle f uniaxial axis with respect to the (100) crystallographic direction and
the demagnetizing factor 4w DM, is grouped together with the perpendicular uniaxial

anisotropy contribution:

2K

M,
The transverse rf susceptibility , can be found from the system of equations 2.22

and 2.23:

47TM€ff == 47TDMS -

(2.26)

M, (Beff - mﬂ)
m
Xy =X, +ix =2 = ! (2.27)

h (Beff _ mg) (Heff _ mg) _ <$)27

where x; and x; are dispersive and absorbtive parts of the rf susceptibility, respectively.

Ferromagnetic resonance occurs when the denominator of the susceptibility function x,

is at minimum. Neglecting a small damping contribution to the resonance condition,

2
w
(;) = BetHest [1p1,5 (2.28)

Eq. 2.27 shows that the dependence of XZ on the externally applied field can be
mathematically represented by a Lorentzian function centered around the FMR field

Hpyr with a half width at half maximum AH = 04‘;":

- (5B ) . Al
Y Beff + Heﬂ' H=Hpur (AH)Z + (Hdc - }[FMR)2

(2.29)

Perpendicular configuration: This is a special case for the out-of-plane orientation
of ]\7; when the magnetization ]\7[5 and the external field H are strictly parallel with the

film normal. Solving Eq. 2.12 for small deviations from equilibrium leads to

2
w K- oKL 2K
=) =(H — 47 M, L H — 47 M, L= 2.30
(’y) ( Pk = S Mers + r > < FMR = STMers T = e (2.30)
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For Gilbert damping and collinear configuration of M and H the FMR linewidth
(in the field sweep) is strictly given by AH = a% independent of the ellipticity of the

magnetization precession.

2.2 Damping in magnetic ultrathin films

Phenomenologically magnetic relaxation is described by the second term on the right
hand side of Eq. 2.12. The magnetic damping parameter « is usually extracted from the

frequency dependence of the FMR linewidth using the following relation:

AH =a? = ¢ y
v oYMy

(2.31)

For Gilbert damping AH is strictly proportional to the microwave frequency w and
inversely proportional to M. There is no explicit dependence on the applied field H and
any magnetic anisotropies.

Magnetic damping is sample dependent, and therefore does not fully reflect the in-
trinsic properties of the material. Some processes are, however, unavoidable and are
called intrinsic. In ultrathin films the Gilbert damping is caused by spin-orbit interac-
tion and contains both bulk and interface contributions. The interface contribution can
not be avoided and is considered to be intrinsic. Effects which are caused by structural
defects and other inhomogeneities are, in principle, possible to avoid and are called ex-
trinsic. The smallest damping, which satisfies the linear frequency dependence for the
FMR linewidth (cf. Eq. 2.31) is by definition declared to be intrinsic.

Physical concepts, which describe intrinsic damping mechanisms, will be discussed

in this section. Extrinsic damping mechanisms are addressed in Section 4.3.

2.2.1 Eddy currents

In metallic films, the magnetic damping can be affected by eddy currents. For thin
films where the rf field fully penetrates the film the contribution of eddy currents to the
magnetic damping can be evaluated by integrating Maxwells equations across the film
thickness d. The resulting effective field has a Gilbert like form with a4 (in Gaussian

units) given by

My /4
g = T’V (—”) 2d? (2.32)

c
where o is the electrical conductivity and c is the velocity of light in free space. For Fe,

the measured intrinsic Gilbert damping parameter is ap, &~ 2 x 107 [18]. The effective
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eddy current Gilbert parameter becomes comparable to the intrinsic damping in Fe for
film thicknesses of 40nm. G4 is proportional to the square of the film thickness and
therefore decreases rapidly with decreasing film thickness. In the ultrathin film limit,
d < 10 nm, [19] eddy currents play no role in damping. For thick films one has to solve
the LLG and Maxwells equations self consistently. The role of eddy currents in FMR for
thick films has been quantitatively studied in references [20, 21] and is usually referred

to as the exchange-conductivity mechanism.

2.2.2 Spin-orbit relaxation in metallic ferromagnets

The theory of Gilbert damping based on spin orbit scattering has been developed since
the late sixties. It is of considerable interest these days due to its importance in spin-
tronics applications. This section has been partially adapted from Heinrich’s chapter on

magnetic relaxations [13].

Spin flip scattering. The original model of relaxation based on spin-orbit interaction
was introduced by Heinrich et al. [18]. The relaxation mechanism is caused by the s-d
exchange interaction. The interaction of itinerant s-p like electrons with localized d-spins

can be obtained from the integration of the s-d exchange energy density functional [22]:
Hy=)Y_ / J(r; — 7)S;.a8s(F)dr® (2.33)
—Jv
J

where J(7; — ) is the s-d exchange interaction between the s-p electron spin density s,
and the localized d-electron spin density S;, where j is the lattice site. The transverse

interaction Hamiltonian is described by three particle collision terms

25 ?
By = (W) Ek: J(@agqaf, ; ba+ (hc) (2:34)

where N is the number of atomic sites, a,a™ are electron annihilation and creation op-
erators respectively, and b is a magnon annihilation operator. T and | correspond to the
majority and minority spin electrons. This equation provides a particle representation of
the s-d exchange interaction; its schematic representation is shown in Fig. 2.2. This pro-
cess is Hermitian and would lead on its own only to renormalization of the gyromagnetic
parameter v. No damping would result from these interactions alone because the total

angular momentum in the s-d exchange is conserved. In order to account for magnetic
iy

k+q,|
thermally excited phonons and magnons. Phenomenologically incoherent scattering can

relaxation one has to consider incoherent scattering of (ay ‘@ ) electron-hole pairs by
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Eqa

Figure 2.2: Schematic diagram of spin-flip scattering: a magnon having an energy hwg
collides with an itinerant electron having energy e; and spin . This results in the
annihilation of the magnon and the creation of an electron-hole pair. The hole energy
and spin are the same as the initial electron. The excited electron carries the energy
€Fsa and spin |. Notice that the spin of the electron-hole pair has to flip because the
total spin momentum is conserved by the exchange interaction.

be accounted for by assigning a finite life time 7.7 for the electron hole pairs. This term

modifies the electron hole pair energy:
h
—EET—l-Z'— ) (2.35)

where 7 is the symbol for the imaginary unit. The effective lifetime is described by the
spin-flip lifetime 75¢. The spin flip lifetime 7, is caused by the spin orbit interaction.
The electron momentum lifetime 7,,, entering the conductivity, is caused by the electron
interaction with phonons and magnons. Usually 7,4 > 7,. The reason is that one
needs to invoke the spin-orbit interaction to flip the electron spin during the relaxation
of electron hole pairs by phonons. It was shown by Elliot [23] in the 50’s that for simple

metals
Tm

Tsf:m;

where g is the electron spectroscopic g-factor. The deviation of the g-factor from 2,

(2.36)

its pure electron value, is caused by the spin-orbit coupling, which is much weaker in
normal metals than in ferromagnets. Thus the above formula is not directly applicable
to transition metals. In the case of a ferromagnetic metal it is better to calculate 7,¢

from the spin diffusion length 0,4 using the following relation [24, 25, 26]:

A vpTes |2
Sod = {—FMgFTf} , (2.37)
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where vp is the Fermi velocity of the electrons participating in the spin accumulation
process. A7, , is calculated using the momentum mean free paths for minority A and

majority A; electrons:
111" e
m = 2 —_— —_— =
i [)‘l " /\J

where p* = pP¢(1 — 3?). Here pPC is the measured resistivity of the ferromagnet and

(2.38)

7’L€2p*7

[ is a bulk spin asymmetry coefficient. The calculations based on the theory proposed
by Dubois et al. [25] and Piraux et al. [26] resulted in the following parameters: for
permalloy (Py): chy = 3 x 107" s and T;}y /TPY ~ 20. These parameters calculated
for Co are: 7* = 3.8 x 107'? s and T%"/Tj;y ~ 300.

The damping parameter due to spin-flip scattering can be calculated by using the
Kubo Green function formalism in the Random Phase Approximation (RPA) [27]. « is

usually expressed as an effective damping field:

w  2(5)

v Ngup

S @1 (ngz) — nip )0 (hwg+ e — €5z, (2.39)
k

where the summation is carried out over the states available around the Fermi surface,
(S) is the reduced spin M,(T')/M;(0), and ng, and ng, .| are the occupation numbers.
The factor gup was used to convert the relaxation energy into an effective relaxation

field and ¢ stands for Dirac’s delta function. The difference in occupation numbers is
An = nE-&-qu - ”E,T = 5(65 - Z-ZF)FLW(T, (240)

where ¢ is Dirac’s delta function and g is the Fermi energy. This relation shows that
the relaxation processes are limited to electrons at the Fermi level. Eq. 2.40 leads to
an important conclusion: hwg = hw, the energy of the resonant magnons drives the
scattering process. The Dirac § function in Eq. 2.39 broadens into a Lorentzian due to

incoherent scattering processes with thermally excited magnons and phonons:

n
O(hwg+ ey = €fpay) — ik —z (2.41)
(hwg + Efp — 513+q”,l)2 + (Tsf)

This Lorentzian function should be viewed as an expression for the probability of a scat-
tering event. In FMR one usually studies magnon modes that are nearly homogeneous
(¢ ~ 0). In that case the difference in the electron energy in a spin-flip processe is

dominated by the exchange energy:

kvl — Eka :2<S>J(0). (2.42)
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In a unit volume N(S)gup = M,(T), where T is the absolute temperature. From this
point one can show that the damping field is proportional to w and inversely proportional
to M. This is the direct finger print of Gilbert damping. The integration over the Fermi

surface yields the damping parameter a:

Oy = (2.43)

where Xpqui s Pauli’s susceptibility for the itinerant electrons. xp.u:i can be calculated

by integration over the fermi surface k vectors:

B 2
o = (5] [ Rahaler - er) = iV ), (2.44)
where N(ep) is the density of states at the Fermi level.

Scattering without spin flip. In the seventies Kambersky showed that the intrinsic
damping in metallic ferromagnets can be treated more generally by using the spin-orbit
interaction Hamiltonian [28].

The spin-orbit Hamiltonian corresponding to the transversal spin and angular mo-

mentum components can be expressed in a three-particle interaction Hamiltonian

1
1 /25> N
Hy =3 (W) ) (BIL @)t ey Casiobathec., (2.45)

koo
where ¢ is the coefficient of the spin-orbit interaction, and Lt = L, + iL, is the right

handed component of the transversal atomic site angular momentum EW. c and

ko
C;,/ZJ@U annihilate and create electrons in the appropriate Bloch states with the spin o,
and bz annihilates the spin wave having the wave-vector ¢. The indexes a and 3 repre-
sent the projected local orbitals of Bloch states and are used to identify the individual
electron bands. For simplicity, no dependence of the matrix elements (3|L"|a) on the
wave-vectors will be considered. The rf susceptibility can be calculated using the Kubo
Greens function formalism in the random phase approximation (RPA) [27]. The effective
damping field is given by

w 1 (S)? £2 <i

«

) JRGELSIE A (2.46)

y "2 M, 2T
A
X5(€a7l‘€'70 — €F)hu) T 9
(m} + ga,E,o - 65,E+IT,J)2 + (%)

where (S) is the reduced spin at temperature T. Since no spin flip is present during the

scattering, the relaxation time corresponds to the simple momentum relaxation time 7,
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which enters the conductivity. Note, that the effective damping field is proportional to
the frequency and inversely proportional to the saturation magnetization as expected for
Gilbert damping.

Intraband Transitions, a = (: the Kambersky model was originally based on
the observation that the Fermi surface changes shape with the direction of the magne-
tization [29]. This model corresponds to intraband transitions. This mechanism is
relatively easy to describe using a classical picture. As the precession of the magnetiza-
tion evolves in time and space the Fermi surface also distorts periodically in time and
space. This is often referred to as a breathing Fermi surface. The ability of electrons to
repopulate the changing Fermi surface states is delayed by the finite relaxation time of
the electrons and this results in a phase lag between the Fermi surface distortions and
the precessing magnetization. This is a typical scenario for frictional damping.

The electron energy balance in the denominator of 2.46 equals hw — (h2/2m)(2kG +
q?). For low-frequency spin waves such as those generated in (FMR) ¢ < kp can be
significantly less than % This limit is satisfied, even in good crystalline structures,
for temperatures in excess of cryogenic temperatures and it significantly simplifies the
integration over the Fermi surface. After the integration over the Fermi surface the

Gilbert damping can be approximated by

<ii (%) E;XﬁmuUﬂL+bOUﬂL1a>, (2.47)

Qintraband = Tm

where X7, are the Pauli susceptibilities of those states which participate in the intra-
band electron transitions and satisfy the low frequency limit. In this limit, the Gilbert
damping is proportional to the relaxation time 7, and consequently scales with the
conductivity.

Interband Transitions, a # (: Interband transitions are accompanied by energy
gaps Ae,g. The interband transitions are accompanied by dynamic orbital polarization,
i.e. changes of the electron wave functions in addition to changes in their energies. The
electron hole pair energy can be dominated by these gaps. For gaps that are much larger

than the relaxation frequency % the Gilbert damping can be approximated by

LIPS o (Ag)?. (2.48)

Qinterband =

Ton YM,

where Ag, is the deviation of the g-factor from 2, its purely electronic value. This
deviation is in agreement with Baberschke’s [30] calculation of Ag,

A&a,g

Agy = 4¢ . (2.49)
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Ag,, determines the contribution of the spin orbit interaction to the spectroscopic split-
ting factor g. Notice that this is similar to the damping derived for the s-d exchange
interaction, see eqs. 2.43 and 2.36. In this approximation, the Gilbert damping scales
with resistivity. At temperatures greater than absolute zero, a large distribution of en-
ergy gaps modifies the overall temperature dependence. The interband damping can
be expected to be dependent on resistivity only at low temperatures. At higher tem-
peratures the relaxation rate % becomes comparable to the energy gaps Ae,g, and
this results in a gradual saturation of the interband Gilbert damping with increasing
temperature.

The above equations for the intrinsic damping are not intended for real calculations.
They just show the underlying ideas and parameters that enter into the understanding
of the intrinsic damping in metals. This picture is simple and easier to follow than
the existing more detailed theory. Complete quantitative calculations using a more

sophisticated treatment of noise in the spin orbit interaction can be found in [28] and [31].

2.2.3 Magnetic relaxations at ferromagnet /normal metal inter-
face. Spin pumping.

Magnetic multilayers provide a special case in which dynamic interactions between itin-
erant electrons and the magnetic moments in ultrathin films offers a new spin scattering
mechanism. Non-local spin dynamics in metallic multilayers was first theoretically in-
troduced by Tserkovnyak et al. [3]. This theory is based on a generalization of the
Buttiker [32] theory. The derivation of spin dependent transmission through a FM/NM
interface is rather complex and is addressed in Appendix B. This theory yields an ex-
pression for pure spin currents created at the FM/NM interface. The expectation value

of the spin current, see Appendix B, is expressed in the following form:

A h on h on
IEP(t) = —A, [T x — | — —A—, 2.50
s () 4 (n 8t) 4 Ot (2.50)
where the interface scattering parameters A, and A; are given by
1
A, = 5 Z(’Tmn,U,TT - Tmn,U,u‘2 + |tmn,U,TT - tmn,U,il|2)a <251)
A, =1Im Z(Tmn,U,TTT:nn,U,u + tmn,U,TTt:rm,U,u) (2.52)

mn

Additional Gilbert damping constant. Effectively Eq. 2.50 shows that the fer-

romagnetic layer pumps magnetic moment density away from the ferromagnet/normal



CHAPTER 2. THEORETICAL CONSIDERATIONS 21

metal interface. According to the spin conservation law the total spin momentum in the

system must be conserved:
a5 pump

ot 8

where S is the total spin momentum in the ferromagnetic film. It is related to the total

(2.53)

magnetic moment of the ferromagnet by

— —

M(t) = ()M =~S , (2.54)

where v = %2 is the gyromagnetic ratio. The effect of spin pumping on the time

evolution of the magnetization vector is then given by

on(t) _9kB g

= T aars (2.55)

Using Eq. 2.50 one gets:

ot ot
where the additional Gilbert damping o’ is given by

oi(t) _ <ﬁ y 05) 7 (2.56)

o = IkBA
ATM

(2.57)

Thus the presence of an interface in the spin dynamics leads to a spin momentum loss, i.e.

additional damping which has the same form as the Gilbert damping phenomenology.

Spin pump/spin sink model in doublelayers Tserkovnyak et al. [3] and Heinrich
et al. [4] have shown that an interface damping term can be generated by spin current
pumping from a ferromagnet (F) into the adjacent NM layers, see Fig. 2.3. The spin
current generated by the precessing magnetic moment in the layer F1 at the F1/NM
interface causes a dynamic magnetic moment density to accumulate in NM. The direction
of the spin current is perpendicular to the F/NM interface. For small precessional angles
the pumped spin current is almost entirely transverse to the dc magnetic moment and

proportional to the rf transverse magnetization. It is given by

- h L on
Iy, = ERQQQTL)[D X a] : (2.58)

where, g;| is the spin mixing conductance in units of e?/h and is determined by the
transmission and reflection coefficients ¢!, ¢!, r", ! for the majority and minority spins
in NM, respectively.

g =Y (1= 2rfr} —2tlt]") = 0.75n5 | (2.59)
l
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Figure 2.3: A schematic cartoon showing the spin current distribution inside a double
layer structure. The left side represents the situation when only one magnetic layer
undergoes FMR resonance. The spin momentum is pumped away from the layer resulting
in an enhanced magnetic damping parameter. The right figure shows the spin current
flow when both magnetic layers are at FMR resonance. The spin pumping process can
be compensated by the spin sink effect, and therefore at the FMR peak the magnetic
damping in both films drops to a value that is characteristic for Gilbert damping in the
single layer films in the absence of the spin pumping effect.

where [ is the number of spin channels at the Fermi level impinging on the F/NM
interface and n is the density of electrons per spin in the normal metal, NM. The spin
current generated at the F1/NM interface leads to an accumulated spin density my s
inside the NM spacer layer. In the spin ballistic limit my,; propagates with the Fermi
velocity vg of itinerant electrons and has equal probability to travel in both the forward

and backward directions. The total spin current balance is given by:
fsp — 0.5UF1'Y1NM = O.5’UFIf1NM (260)

In this expression one assumes that the return spin current is entirely absorbed at the
F1/NM interface. This is strictly correct for a small precession angle where the spin
momentum is perpendicular to the saturation magnetization moment [33, 13| and under
these conditions the F1/NM interface acts as an ideal spin sink. Note that only half of
the spin current is directed in the forward direction.

In magnetic double layers F1/NM/F2, in which the two static magnetic moments
are collinear, the NM/F2 interface acts as an ideal spin sink. The pumped magnetic
momentum from the F1/NM interface is fully absorbed at the NM/F2 interface providing
an effective spin brake for the precessing magnetic moment in F1. This leads to the loss
of spin momentum in the F1 layer. Conservation of the total angular momentum for the
F1 layer (see eq. 2.61) leads to an additional damping in the F1 layer, which follows the
phenomenology of Gilbert damping; the damping effective field is proportional OM /Ot.

Its contribution scales inversely with the ferromagnetic film thickness [34, 35] and it
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therefore exhibits the interface nature of this effect, see eq. 2.62.

agFM .
o I, =0 (2.61)
Gyp gup 1
a°F = vp - 8—:9”8 , (2.62)

where pup is the Bohr magneton and d is the thickness of the ferromagnetic layer. An
Fe layer can perform both functions; it generates the spin current (spin-pump) and
absorbs the spin current (spin-sink) from the adjacent ferromagnetic layer. Evidence for
this effect was found in the ferromagnetic resonance (FMR) line broadening observed in
magnetic single [36] and double layers [34, 4] and see further references in the review
article by Heinrich [13]. In magnetic single layers having a large precession angle the
spin accumulation due to spin pumping was also detected by measuring the dc voltage
across the FM/NM interface [37].

When the resonance frequencies are equal in both F films then the net transfer of spin
momentum across the F1/NM and NM/F2 interfaces can be compensated resulting in
zero interface damping [4]. The spin pump/spin sink effect can be included in the LLG
equation of motion by the addition of two extra terms. For small precessional angles the
magnetization dynamics in the presence of dynamic exchange coupling can be described
by the following coupled set of Landau-Lifshitz-Gilbert equations [4]:

dn; dﬁi:|

dt

(2.63)

= - _‘z‘XH’e] i [ X ——
;m[n ff+oz[n o

dm; dn;
SP | = i J
+ o |0 X — —n; X —|

' [ Codt T dt ]
where 1; are the unit vectors along the instantaneous magnetization directions in F1 and
F2, 4,7 =1,2 and j # i. The interface damping parameter « in a magnetic double layer
when only one layer undergoes FMR is given by

SP g, 1
P — 2.64
Q guBqus d; ) ( )

where d; is the film thickness, [38, 4]. Notice that the exchange of spin currents is a sym-
metric effect and the equation of motion for another layer is obtained by interchanging
the indices ¢ «+— j in Eq. 2.63. The third and fourth terms on the right hand side of
Eq. 2.63 represent the spin-pump and spin-sink effects, respectively. The third term is
generated by spin-pumping in the layer i and the fourth term in eq. 2.63 is the absorbed
spin current in the layer i due to spin pumping from the layer j. The signs (4) and (—)

in the third and fourth terms in Eq. 2.63 represent the spin current directions.
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The mutual exchange of spin currents between F1 and F2 can be viewed as a time
dependent interlayer exchange coupling [4, 39]. In contrast to the static interlayer ex-
change coupling this coupling does not oscillate with the spacer thickness, it is almost
independent of the interface roughness, and its range is limited only by the spin diffusion
length [4].

2.3 Magneto optical Kerr effect

The magneto-optical Kerr effect was discovered at the end of the 19th century by
Kerr [40]. In recent years it has become widely used for magnetization studies of thin
films [41, 42]. The technique is based on a small rotation of the polarization plane of
the reflected light which can be detected by a polarization vector analyzer. The physical
origin of the Kerr effect lies in the spin orbit interaction. The spin orbit interaction
contributes to the off -diagonal components of the optical permittivity tensor. This
component is proportional to the direction of the instantaneous unit vector 7 parallel
to the magnetization vector M. A generalized dielectric permittivity tensor for a cubic
material can be written [43, 44, 45, 46|

1 _iQVnz iQVny
€==¢6 iQVnz 1 _iQVnm : (265)

—inny —ZQ\/TLm 1

Here @)y is the Voight optical constant describing the magneto-optical rotation of the

polarization plane. It can be rewritten as
D =e(E +iQyii x E) (2.66)

It follows from equation 2.66 that the polarization vector of the light rotates around the
magnetization. The rotation of the polarization also occurs for light transmitted through
a magnetized media and in this case it is called the Faraday effect [47]. However, the
Faraday effect can only be observed in transparent materials. Nevertheless, for a full
treatment of Maxwell’s equations one needs to include both the transmitted and reflected
light waves.

Depending on the mutual orientation of the incident light and the magnetization one
can observe the polar, transverse or longitudinal Kerr effects. Only the polar Kerr effect
was used in our studies and the discussion will be limited to this case. In a classical

picture the origin of the polarization rotation can be understood if one considers the
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interaction of the electrons with the electric field of incident light. In particular, the
motion of the electrons in a harmonic (crystal) potential will be driven by the electric
field of the incident light, and the resulting Lorentz force due the extraordinary Hall

effect produces a rotation of the optical polarization vector. The resulting force is
mx + mwix = eBg exp™’ +x[x x B] , (2.67)

where x is the electron displacement, wy is the oscillatory frequency of the atomic restor-
ing force, and x is the Lorentz’s force coefficient, and w is the angular frequency of the
light. This electron displacement contributes to the electric polarization vector which

contributes to the electric permittivity.

RT

Figure 2.4: The polar magneto-optical Kerr and Faraday effects. Ry and Ry are the
usual reflected and transmitted electric field amplitudes. Rr and R are generated as a
result of the Lorentz force.

Let us assume that the magnetization in a film is oriented perpendicular to the sur-
face, see Fig. 2.4, and the incident light is directed along the surface normal. Then a
linearly polarized light beam will induce electron oscillations in the film. The reflected
Ry and transmitted Ry light polarizations contain both diagonal and off diagonal com-
ponents. The Lorentz force, see Eq. 2.67, induces the off diagonal components € of the
dielectric polarization vector. The superposition of Ry and Ry with Rr and Ry leads

to the magnetization dependent polarization rotation.
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The polar Kerr effect is proportional to the projection of the incoming light on the
surface normal. For a particular geometry, and for a (001) oriented cubic crystal, the
Kerr effect is almost independent of the orientation of the incident electric field vector.

Since the off diagonal elements of the susceptibility tensor € are in general complex
numbers the Kerr signal consists of two parts: a Kerr rotation © and a Kerr ellipticity
g, see Fig. 2.5(b).

In a multi-layer sample the total magneto-optical signal is a superposition of contri-
butions from the different magnetic layers. For ultrathin films the driving electric field
in a given layer has a constant amplitude and consequently the Kerr analysis becomes
simplified. For this approximation to be valid the following condition has to be satisfied

Am

€« ————— =~ 10nm, (2.68)
abs(4meppr)?

where ), is the wavelength of the light inside the metallic film [48, 49]. Effectively
ultrathin means that the profile of the electrical field generated by the incident light
wave is not influenced by the presence of the ultrathin FM layers. Thus, if a structure
contains several FM layers, the condition for the validity of the ultrathin approximation

can be written as

> dnfabs(cly) 2]t < A (2.69)

In a realistic experimental setup the Kerr signal is detected via comparing the Kerr
signal with a reference signal. The ordinary reflected light usually plays the role of the
reference signal. In the polar Kerr effect the polarization of the incident beam lies in the
plane of the magnetic film due to the normal incidence (s-polarized). This significantly
simplifies the data analysis since the simple unrotated portion of the reflected light for an
s-polarized incident wave has the same polarization as the incident light wave. This fact
in turn implies that the polarization of the additional signal due to the polar Kerr effect is
strictly orthogonal in direction to the reference reflected light. This space separation is an
essential feature which enables one to shift the time phase of the polar Kerr effect signal
with respect to the reference light using a 1/4 wave plate. In magnetic double-layers the
time phase of Kerr signals generated in the different layers is intrinsically different due to
the different optical paths through the double-film structure. The magnitude of the Kerr
signal is much smaller than the magnitude of the reflected light. If the time phase shift
of a Kerr signal is 7/2 shifted with respect to the reference light they add in quadrature
and the contribution of that MOKE signal to the total light intensity becomes negligible.

Using this technique one is able to realize depth resolved Kerr effect measurements.
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Figure 2.5: (a) shows a magnetic double layer sample composed of two ultrathin ferro-
magnetic films separated by a non-magnetic spacer layer. (b) - visualization of the Kerr
effect in the ©¢ plane. The measured Kerr signal for each FM layer is obtained from the
projection of the Kerr vector K(i) on the axis of polarization rotation. The magnitude
of the detected signal for each layer is determined by the angle ¢;. (c) shows the effect
of a 1/4 wave plate. Here a phase shift § is applied to the phases of the Kerr signal. The
phase shift § is adjusted such that the Kerr signal from the bottom layer, K2, is shifted

s
2

with respect to the reference signal.
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I have to point out that this simple argument does not portray the full picture.
One has to include the complex nature of the Kerr effect which leads to an elliptical
polarization [50, 51, 52, 49].

The complex Kerr effect K can be visualized as a Kerr vector in the complex plane,
here called the ©¢ plane. The O¢ plane used for an analysis of the depth sensitivity
corresponds to a small region in the Cartesian complex plane of polarization around the
point representing the polarization of the incident wave [53]. For the structure presented
in Fig. 2.5(a) the representation of the polar Kerr effect on the ©O¢ plane fulfills the
following properties (cf 2.5(b)):

e The projection of the Kerr vector on the real axis gives the Kerr rotation ©, and
the projection on the imaginary axis the Kerr ellipticity . The length of the Kerr

vector corresponds to the Kerr amplitude K and its orientation to the Kerr phase

@Y.

e For a given multi-layer structure the polar Kerr effect K(i) originating from the
1th layer is proportional to the z component of the magnetization M,-, where the z
axis is defined to be normal to the film plane, and the x and y axes both lie in the
plane of the film. The additivity of the Kerr effect is represented in Fig. 2.5(b) by

the summation of Kerr vectors for the individual FM layers.

e In the case of the polar Kerr effect the experimental setup measures a Kerr signal
S, which is the projection of the complex Kerr effect K onto the real axis ©, see

Fig. 2.5(b).

The variation of the Kerr phase ¢ can be realized by means of a 1/4 wavelength
compensator, giving a phase shift ¢ to the Kerr signal. The 1/4 waveplate is placed in
the reflected light beam. For a properly adjusted ¢ the elliptically polarized Kerr signal
will be transformed into linearly polarized light. Note that now the reference reflected
light and the Kerr signal do not have orthogonal polarizations in space due to the Kerr
signal ellipticity. This means that one should alter the polarization of the incident light
together with the Kerr phase shifter in order to obtain a unique situation in which the
polarizations of the reflected light and the Kerr induced wave are orthogonal. This
technique was first demonstrated by Schaefer et al. on magnetic doublelayers [54]. In
doing so one can set the phase of the Kerr signal from one of the layers (cf. 2.5(c))
to be 7/2 shifted with respect to the reference light, i.e. one can make Kerr signal

from this layer undetectable. The Kerr signal from the other layer will, however, be
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still measurable, due to an extra phase shift introduced by the additional path of the

light through the non magnetic spacer. This complex situation has been analytically

addressed by Hamrle et. al, [55].



Chapter 3

Experimental techniques and

apparatus

Experimental work requires a thorough expertise and in-depth understanding of the
physical processes which lie behind the equipment operation. Having this expertise one
is able to minimize errors and optimize the efficiency of measurements. With the fast
progress in technology novel tools are available to experimentalists. Some of them can
potentially lead to a new experimental setup, while others can significantly simplify ex-
isting experimental procedures. Computerization and automation of the experiments is
important and useful. It allows one to optimize and improve the quality of the data
collection and analysis. The chapter is organized in the following way: In Section 3.1
the molecular beam epitaxy (MBE) system is highlighted. This includes the characteri-
zation, analysis techniques, and ultrathin film preparation. In Sections 3.2 and 3.3 the
ferromagnetic resonance (FMR) and magneto-optical Kerr effect (MOKE) for magnetic

characterization will be described.

3.1 Ultra-high vacuum Molecular Beam Epitaxy sys-

tem

The core of the Surface Science Laboratory at Simon Fraser University is an ultra-
high vacuum chamber and associated devices (UHV chamber). This chamber is used
for sample preparation and characterization. The UHV chamber is split into 4 major
subsections: (a) Introduction chamber: this chamber is used for H cleaning of GaAs

substrates and sample outgassing. (b) Analysis chamber: this chamber contains an

30



CHAPTER 3. EXPERIMENTAL TECHNIQUES AND APPARATUS 31

Ar™ sputtering source, and apparatus for Auger electron spectroscopy and for X-Ray
photoelectron spectroscopy. (c¢) Growth chamber: this chamber is equipped with 8
thermal sources for metal and oxide deposition, and contains a Reflection High Energy
Electron Diffraction (RHEED) setup for growth monitoring. (d) Scanning tunnelling
microscopy (STM): this chamber is equipped with a commercial large sample STM/AFM
Omicron STM for surface analysis.

The schematic diagram of the MBE system is shown in Fig.3.1. The UHV Chambers
are separated by valves 1, 2, 3 and 14. This setup provides for differential pumping and
enables one to work independently in every chamber. A sample transfer mechanism be-
tween the chambers is realized by using arms 9, 15 and 21. Transfer arm 21 is equipped
with azimuthal and polar rotation degrees of freedom which allows one to obtain mul-
tiple sample orientations inside the UHV system. This arm is also equipped with a
temperature control stage. Ultimate low UHV pressures are achieved by using several
pumps. The loadlock is pumped using the turbo pump 8. The intro chamber is pumped
by means of a turbo pump 23 and an ion pump 4 which includes a titanium sublimator.
The STM chamber is pumped using the ion pump 5. The analysis chamber is pumped
using the ion pump 6 and the growth chamber is pumped using the ion pump 7 which
includes a titanium sublimator. The samples and STM tips can be stored in UHV in
the storage arm 22. The elemental and chemical composition of the epitaxial films were
determined by means of Auger Electron Spectroscopy (AES) and X-ray Photoelectron
Spectroscopy (XPS).

3.1.1 Auger Electron Spectroscopy (AES)

Auger spectroscopy is employed to monitor the composition of deposited films [56].
The AES technique is surface sensitive, however when combined with an Ar sputtering
gun it can be used to measure the composition across the thickness of the sample film
structure [57]. The primary electron beam of 3 keV is used to generate Auger electron
excitations (see electron gun 13 in figure 3.1). The escape depth of the Auger electrons
is dependent on their kinetic energy and does not exceed a few nm; this makes AES a
near surface sensitive technique [58, 59]. An Auger process is shown in Fig. 3.2; in this
particular case a primary electron ionizes the K shell; the created vacancy in the K-shell
is then filled with an electron from the outer shell L, and the released energy Ex — E}/
is transferred to an Auger electron. The kinetic energy of the emitted Auger electron

is given by the excess energy Fx — Ep — Ep», and therefore it is characteristic of the
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Figure 3.1: UHV chamber. Numbers indicate specific chamber elements, referred to in
the text.
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individual elements. The emitted electrons are collected by means of the hemispherical
analyzer 16, which allows one to obtain electron counts in the energy window AFE as a
function of the kinetic energy E. In a hemispherical analyzer (see item 16 in figure 3.1)
the energy window AFE is constant and is set by the pass energy (usually 140 eV) .
The Auger peaks appear on a large electron count background coming from inelastically
scattered electrons. The sample composition is determined by calculating the area under
the Auger peak for every element and weighting it with the corresponding sensitivity

coefficients as provided by the manufacturer [60].

Auger electron

3 keV electron beam ®

\ B
X Outer shell

o K Core shell

Figure 3.2: Schematic picture of the Auger electron emission process. An outer electron
falls into the inner orbital vacancy, and a second electron (Auger electron) is emitted
carrying away the excess energy.

3.1.2 X-Ray Photoelectron Spectroscopy (XPS)

The XPS technique allows one to identify the chemical elements and their chemistry
(participation of elements in chemical compounds). XPS electrons are excited by irradi-
ating sample with a soft X-Ray beam generated by the X-ray source 11, see figure 3.1.
The X-ray source represents an electron gun in combination with Al or Mg targets [61].
When electrons accelerated to 15 keV hit the target the resulting X-Ray beam includes a
strong component at an energy specific to the target: MgKa x-rays (1253.6 eV) or AlK«a
x-rays (1486.6 eV). These photons interact with atoms via the photoelectric effect [56],

which is schematically shown in Fig. 3.3. The emitted photoelectrons are analyzed using
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the hemispherical electron analyzer 16, see Fig. 3.1. The kinetic energy of the emitted
electrons is given by:
KE =hv — BE — ;4 (3.1)

where hv is the energy of the X-ray photon, BE is the binding energy of the atomic
orbital from which the electron originates and ¢, is the spectrometer work function. The
photoemission electron sometimes results in an Auger process so that Auger electrons
are included in a XPS binding energy scan. However the Auger electron energy does not
depend on the primary x-ray beam energy thus the binding energy of Auger electrons is
changed by switching x-ray targets and can be easily distinguished from photoelectron
peaks. This feature is particularly useful in multi-element samples where the Auger and
XPS peaks can overlap. Soft X-rays interact weakly with matter and therefore exhibit
narrow XPS lines which enable one to resolve small shifts in the binding energy due the
chemical environment: this is usually referred to as chemical shifts in the XPS spectra.
The penetration depth of soft X-Rays in solids is of the order of microns due to their
weak interaction with matter, and this means that the specimen atoms are excited far
beyond the surface layer. Nevertheless only photoelectrons generated within a thin layer
of 2 to 20 Angstroms [58, 59] from the surface are able to escape the sample without an
energy loss due to the electron-electron interactions. This makes XPS a surface sensitive

technique.

Soft X-ray beam Pho’ro.elec’rron
W/
. e @ Outer shell
® Core state

Figure 3.3: XPS schematics. A photoelectron is emitted from the core shell as a result
of the interaction between the incident soft X-Ray beam and specimen atoms.

Using Auger and XPS techniques we were able to obtain the composition of samples

with an uncertainty of approximately 0.1 monolayer. The high sensitivity of the AES
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and XPS techniques enabled us to prepare contamination free substrates and to analyze

surfactant effects in multi-layers.

3.1.3 Reflection High Energy Electron Diffraction (RHEED)

In order to characterize the crystallographic structure of a specimen one has to obtain
the lattice symmetry and analyze the long range coherence between the atoms in the
lattice. Reflection High Energy Electron Diffraction (RHEED) is a suitable technique
for obtaining this information. It is easily compatible with a UHV setup and can be used
to continually monitor the specimen structure and thickness during its preparation. The
RHEED system consists of two elements which are located in the growth chamber: the
electron gun 24 and photoluminescent screen 17 (see Fig. 3.1). These are positioned such
that the 10 keV electron beam impinges at a glancing angle of a few degrees upon the
specimen surface during the deposition, and the beams reflected from the specimen hit
a photoluminescent screen. A CCD camera was used to monitor the diffraction pattern
and its time evolution during the sample growth. A schematic representation of the
RHEED system is shown in Fig. 3.4. The energy of the diffracted electrons maintains
the energy of the primary incident beam, while their momentum changes. It can be
visualized utilizing the concept of the Ewald sphere [62, 63|, see figure 3.4. The Ewald
sphere is centered on the sample surface with a radius equal to the I;O wave-vector of the
incident electrons: )

- ™

ol == (32)
where lgo is the wave-vector of the incoming beam, and \ is the wavelength of the incident
electrons. The diffraction conditions are satisfied for angles such that the rods of the
two-dimensional crystal reciprocal lattice intersect Ewald’s sphere. Since the glancing
primary electrons do not penetrate inside the sample lattice the reciprocal lattice rods
are given by the reciprocal space of the surface atoms. The elastic scattering process
requires:

ol = |Kdl (33)

where l;d is the wave-vector of the diffracted beam. The directions of the diffracted

beams on the Ewald sphere are given by the following equations:
G=ky—ko (3.4)

where G is given by:
= 2 2
G=in—" +jm=— + 4z (3.5)
a a
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where a is the surface lattice constant for a square surface net, n and m are integers,
and z is the perpendicular k-vector chosen to satisfy equation 3.3. As can be seen from
equation 3.5 and figure 3.4 many reciprocal lattice rods meet the diffraction condition,
however in a real RHEED system one is able to see only the low order diffraction beams
at the fluorescent screen, see Fig. 3.4. The RHEED pattern at the detector screen is
a projection of only those k vectors which are within the angular range subtended by
the detector. The separation between the diffraction beams with the primary beam
oriented along the main symmetry azimuths allows one to determine the surface lattice
symmetry and spacing. RHEED allows one to monitor the surface structure including
surface reconstructions that occur for certain materials [64], see Fig. 3.9b.

The RHEED technique is extremely useful for monitoring the quality of the epi-
taxial growth as well as the film thickness. During a quasi layer by layer growth (the
surface roughness is mainly limited to the top two atomic layers) the intensity of the
specular spot, see figure 3.4 oscillates with the film thickness [65]. Each full period of
the RHEED intensity oscillations corresponds to the formation of a new atomic layer.
The presence of RHEED intensity oscillations is partly a consequence of the interference
between electrons scattered from exposed atoms in the top two atomic layers and partly
a consequence of diffuse scattering from the oscillating surface roughness. The strongest
RHEED oscillations are obtained using an incident angle such that the electrons im-
pinging on the sample surface satisfy the anti-Bragg diffraction condition. This means
that electrons reflected from atoms in the top layer and electrons reflected from the ex-
posed atoms in the second layer are out of phase. A full coverage will produce a smooth
surface leading to a maximum in the RHEED intensity, whereas a full layer covered by
a half layer represents a rough surface leading to a minimum in the RHEED intensity.
To obtain well pronounced RHEED oscillations one has to maintain good layer by layer

growth. In certain cases more than 40 oscillations were observed, see Fig. 3.5.

3.1.4 In-situ Scanning Tunnelling Microscope

The k space information describing the specimen obtained using RHEED was corre-
lated with the real space specimen images acquired using scanning tunnelling microscopy
(STM). An in situ commercial Omicron Large sample STM/AFM chamber [66] is a part
of the Surface Science Laboratory UHV system, see figure 3.1. A clever design of the
STM/AFM tip mounting stage enables one to replace tips and change the mode of op-
eration from STM to AFM without opening the UHV chamber (AFM stands for Atomic
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cq) Luminescent screen

S8 N

Figure 3.4: Reflection High Energy Electron Diffraction schematics. (a) incident beam
is impinged at the glancing angle. Upper half of the luminescent screen is shadowed by
sample. Diffracted beam impinges on the lower half of the luminescent screen. (b) The
RHEED construction of the Ewald Sphere at the sample surface. The angle of incidence
shown in the figure is different from glancing incidence in order to illustrate the Ewald
sphere in a cartoon. The radius of the Ewald sphere is equal to the magnitude of the
ko vector. The kq vectors, correspond to diffraction beams satisfying the surface lattice
symmetry and energy conservation. G vector is the difference between the k;d and k‘o
vectors.
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Figure 3.5: Example of RHEED intensity oscillations of Fe grown on GaAs. Steady layer
by layer growth was observed.

Force Microscope). Tips and samples are transferred to the STM/AFM stage from the
Growth and Analysis chambers using transfer arms 9 and 15, see figure 3.1. The princi-
ple of the STM technique is shown in Fig. 3.6. A bias voltage between the sample and
tip is set to create hot electrons and to stimulate the tunnelling process. The STM tip
is kept at a distance of approximately two nanometers from the sample surface in such a
way as to maintain a steady tunnelling current. Fine positioning of the tip relative to the
sample surface is achieved using a 3 axis piezoelectric tube. The constant current regime
is realized using a commercially available Scala feedback system [67], which controls the
voltage operating the z direction of the piezoelectric tube (the STM tip-sample surface
distance) according to the detected tunnelling current.

The STM image is obtained via scanning the tip across the surface of the sample and
mapping the vertical position of the STM tip on a single graph as a function of the x and y
directions. To insure high quality STM images one has to use a stable and reliable STM
tip. For our experiments we used etched Ptlr commercially available STM tips from
the Molecular Imaging company. The STM device enabled us to obtain a subatomic
resolution of surface atoms. The STM images were essential for the characterization of

the substrate template and film surface roughness and surface reconstructions.
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Figure 3.6: A schematic diagram of the STM apparatus. A conducting tip is brought
close to the specimen surface to establish a steady tunnelling current. The tip position
is adjusted by means of a 3-axis piezoelectric tube. Tunnelling current is recorded as a
function of the lateral position of the tip. The surface STM image is reconstructed using
a SCALA image acquisition unit.
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Figure 3.7: (a) STM image of the hydrogen cleaned GaAs substrate surface. Hydrogen
cleaning at 400° C results in partial annealing of the substrate, see the relatively large
terraces. A terrace step exceeds 1 atomic layer and results in a relatively large RMS sur-
face roughnes. (b) shows a RHEED diffraction pattern with the electron beam oriented
along the [110] crystallographic direction. Shadowed areas between the main diffraction
streaks indicate a partial reconstruction of the prepared substrate.

3.1.5 GaAs substrate preparation

Magnetic thin films for our experiments were grown on GaAs single crystal substrates.
GaAs substrates were chosen for several reasons: firstly its lattice constant is only 1.4%
different from the double lattice constant of bee Fe, which ensured layer by layer epitaxial
growth of Fe on GaAs. Secondly the Fe/GaAs interface creates a strong uniaxial mag-
netic anisotropy in Fe and this property was used to identify the magnetic signals due
to each Fe layer in Fe/NM /Fe/GaAs multi-layers, where NM stands for a non-magnetic
metal spacer layer. And finally, GaAs is a semiconductor, which creates an opportunity
to integrate magnetic structures into modern semiconductor technology. Commercial
epi-ready GaAs wafers produced by American Xtal Technology were found to be a reli-
able and accessible source of substrates. The sample holder and substrate were exposed
to the environment and thus they were contaminated by oxides and carbon. To re-
move contaminants from the molybdenum sample holder and to ensure that the ultra
high vacuum was maintained during the substrate preparation temperature cycling it
was enough to outgas the introduced sample at 350° C for 4 hours. Subsequently the
following procedure was applied to prepare the GaAs for the Fe deposition:



CHAPTER 3. EXPERIMENTAL TECHNIQUES AND APPARATUS 41

H' cleaning: Non-destructive H* cleaning was used to remove contaminants from
the GaAs surface. To create a beam of extremely reactive hydrogen atoms we used a
commercial OS-Crack Thermal Gas Cracker from Oxford Scientific, see item 10 on figure
3.1. The gas cracker uses electron bombardment to produce intense localized heating of
a tungsten capillary. The electrons were accelerated to 1.1 kV with a current of 35 mA to
produce a total heating power of 39 W delivered to a small area thereby creating a high
power density and producing temperatures in excess of 1500° C. Molecular hydrogen
passing through the hot capillary was dissociated into hydrogen atoms, which impinged
on a GaAs substrate that was preheated to 400° C. The hydrogen atoms formed stable
chemical compounds with oxygen and carbon which were evaporated from the epi-ready
GaAs surface. The base pressure in the system during the hydrogen cleaning was set
to 5x10~7 Torr by opening the Hy leak valve. This pressure may be destructive for
the ion pump and thus pumping was carried out using the 500 L turbo pump and the
titanium sublimator. After exposure of the sample to the H" beam for 30 minutes Auger
spectroscopy detected only residual amounts of oxygen and carbon on the GaAs surface
(oxygen and carbon line intensities were within the noise level (less then equivalent of
0.1ML) of Auger technique).

H* atoms are very reactive and are the lightest possible elements. Due to these fac-
tors the H' technique quickly removes all contaminants from the GaAs surface without
penetrating deeply into the GaAs structure. The disadvantage of this technique is that
the temperature of the substrate is elevated to a temperature of 400° C, which causes
partial annealing of the GaAs surface. STM and RHEED images of a H' treated GaAs
surface are shown in figure 3.7. The STM clearly shows quite large terraces, however
the RMS roughness is approximately 0.4 nm, which is close to the lattice parameter of
GaAs. This is in good agreement with the RHEED image, where we observe a streaky
type of picture. This indicates a two dimensional type of surface. The large terraces
characteristic of the GaAs surface represent a stable structure. Further annealing of
GaAs at 600° C temperature has very little effect on the topography. It is also worth
noticing that the GaAs crystallographic structure is not perturbed by the HT cleaning
technique. As a result one might expect that the required 4X6 reconstruction of the
GaAs surface is not easily reached since mobility of the atoms inside the lattice is much
less than the mobility of atoms in the disordered state. Moreover there is a possibility

for trace amounts of H™ atoms to remain inside the GaAs.
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Art sputtering: In order to remove the residual contaminants and to reshuffle the
surface atoms the GaAs substrate was exposed to 3 hours of Art sputtering at room
temperature. The Art gun 12, see Fig. 3.1, was used for the Ar ion bombardment of
the GaAs. Parameters of the ion beam were set as follows: accelerating voltage equals
-650 V with the emission of approximately 25 mA of Ar*t. Ar was inserted into the
system through a leak valve, and the back-pressure was adjusted to 1x10~7 Torr. The
Ar pressure in the gun was close to 7.5x107° Torr. A focused Art beam was rastered
across the GaAs surface. Ar is a noble gas with a quite high atomic mass, consequently it
is not reactive and was easy to pump out using the 500L turbo pump. The large atomic
mass of Ar insures a strong interaction between the Ar ions and the GaAs substrate,
and bombardment from a constant position may result in a preferred direction of surface

formation. The sample was rotated during the Art bombardment to minimize this effect.

Figure 3.8: (a) An STM image of the sputtered GaAs. The azimuthal rotation applied
to the sample during sputtering results in a uniformly rough surface clean of contami-
nation. (b) shows the RHEED diffraction pattern of the same surface. It indicates an
unreconstructed three dimensional template.

Auger spectroscopy indicated full removal of contaminants from the GaAs surface.
The stoichiometry of the Ga and As was close to that expected for GaAs. The topology
of a GaAs surface formed after the Ar™ treatment was studied using STM and RHEED,

see Fig. 3.8. The STM image shows a uniformly disordered surface with terraces less
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than 2 nm wide. The RMS roughness of this image is only 0.23 nm, which insures that
sputtering did not lead to the formation of 3 dimensional large scale structures. The
RHEED image confirms the small size of the terraces and the three dimensional nature
of the surface. A transformation of the RHEED streaks into separate spots observed

after H' cleaning indicates shorter terraces.

Figure 3.9: (a) An STM image of the reconstructed GaAs substrate. The 4X6 recon-
struction is a pseudo reconstruction which consists of As rich 2X6 reconstructed regions
with As dimers running along the [110] direction and Ga rich 4X2 reconstructed regions
with Ga dimers running across the [110] direction. Large flat terraces are observed for
the reconstructed substrate. (b) The RHEED diffraction pattern observed for an elec-
tron beam directed along the [110] crystallographic direction. The 2X6 reconstruction
observed is in good agreement with the STM image.

Annealing: The most suitable template for Fe deposition is a pseudo 4X6 recon-
structed GaAs [68]. At the annealing temperature surface atoms become mobile and
are free to self-assemble into a structure having a minimum surface energy. Annealing
of the GaAs is monitored and characterized using RHEED throughout the whole pro-
cedure. The RHEED data enables us to observe surface transformations and provides
continuous data for monitoring the surface symmetry. In order to create a 4X6 recon-
structed GaAs template having a large terrace size the GaAs is annealed at 600° C. As
was shown by Xue [64] and Monchesky [68] the 4X6 reconstruction observed at 600° C

is a pseudo reconstruction which consists of 2X6 and 4X2 regions of the reconstructed



CHAPTER 3. EXPERIMENTAL TECHNIQUES AND APPARATUS 44

GaAs surface. Our RHEED studies with the electron beam directed along the [110] crys-
tallographic direction revealed a pronounced formation of a X4 reconstruction already
at 400°C. At temperatures near 600° C a X6 reconstruction becomes clearly visible for
the RHEED beam directed along the [110] crystallographic direction, while a X4 recon-
struction along the [110] crystallographic direction remains intense and clearly visible.
The RHEED pattern intensities are similar for both reconstructions. This suggests that
the surface coverage for these two competing reconstructions is about 50%. However the
STM studies, see figure 3.9(a), showed that the 2X6 reconstruction of GaAs occupies
about 95% of the GaAs surface. The 4X2 reconstruction is a Ga rich surface state which
forms at 400° C. When the annealing temperature reaches 600° C the 2X6 reconstructed
As rich surface has a lower surface energy and As is released from the bulk GaAs to
form the 2X6 reconstruction. This mechanism of surface formation is stimulated by a
preliminary Ar™ bombardment which creates defects inside the GaAs thereby increasing

As mobility.

Figure 3.10: (a) A subatomic STM image of the 2X6 region of the reconstructed GaAs
substrate. (b) Shows a model of the surface with As dimers running in rows along the
[110] direction. Note the good agreement between the observed reconstruction and the
model.

Subatomic resolution STM data, see Fig. 3.10, shows good agreement between the
observed image and the model for the 2X6 reconstruction suggested by Biegelsen et.
al. [69].
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3.1.6 Molecular Beam Epitaxy (MBE)

Deposition of ultrathin metallic layers on a GaAs substrate was carried out using the
method of molecular beam epitaxy. Resistive heating sources were used for material
evaporation, see item 18 in figure 3.1. Precut pieces of high purity Au, Pd and Ag were
placed inside individual Alumina (Al,O3) or pyrolytic boron nitride crucibles. Each
crucible was kept inside a multi-layer tantalum radiation shield and resistively heated
by means of tantalum filament having an impedance of ~ 0.5 {2 and carrying a current
of 30-65 A. The furnace design using a heated crucible is long lasting and provided
deposition rates of ~ 2 ML/min. However slight variations of the temperature inside
the crucible resulted in a shading effect from the crucible walls and led consequently to
a sub-monolayer gradient of the deposited film thickness across the sample. To avoid
inhomogeneity in the magnetic Fe layers a furnace equipped with an Fe plate was used
for the Fe deposition.The Fe plate was located above a tantalum filament and formed
part of the radiation shield. This design was not sensitive to the shading effect and
produced uniform Fe ultrathin films. The growth was monitored by the observation of
the RHEED specular spot intensity oscillations, the RHEED diffraction pattern, and
STM. The base pressure during the film deposition did not exceed 4x1071° Torr. A
layered growth in epitaxial register with the GaAs template was maintained throughout
the whole growth. In figure 3.11(a) one can see that only 2 unfilled layers are present in
the beginning of the deposition. The same topology is observed for a much thicker and
more complicated structure as presented in Fig. 3.11(b).

Terrace size and flatness are dependent on the material, but can be altered by an-
nealing. Due to a considerable mismatch between the Fe and Pd lattices (6%) the Pd
forms small (about 2 nm) terraces when grown on the Fe template. For thicknesses
above 3 nm of Pd the RMS roughness of the surface dramatically increases and the
RHEED diffraction pattern exhibits a three-dimensional type of surface. In the case of
three dimensional growth one can increase the atomic mobility and significantly flatten
the surface by elevating the temperature of the substrate, see figures 3.12 and 3.13.
However, in order to avoid interface diffusion between the layered materials at the ele-
vated temperatures one has to form a room temperature interface. After a deposition
of 9 monolayers of material an interface is established and a temperature increase will
not change the character of the interface between two layers. Interface diffusion was
monitored using Auger spectroscopy as the temperature was gradually increased. The

ratio between elements of the underlying layer and the newly deposited 9 monolayers of
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Figure 3.11: STM images showing surface topography. (a) shows the surface after 2
atomic layers of Fe are deposited on GaAs at room temperature, indicating full coverage
of the substrate. 3 main shades of the image are induced by terraces of GaAs. (b) shows
the surface of a multi-layer Au/Fe/Au/Pd/Fe/GaAs structure. The STM shows that the
film is a single crystal and has only two unfilled layers: this indicates a smooth epitaxial
growth for all layers.

Figure 3.12: An STM image showing the surface topography of a Pd/Fe/GaAs structure.
Two cases are addressed: (a) A Pd/Fe/GaAs room temperature growth showing small
terraces and significant roughness, and (b) a Pd/Fe/GaAs growth at 180° C that indi-
cates that an elevated temperature growth results in a much smoother surface compared
with the room temperature growth.
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Q) o)

Figure 3.13: A RHEED diffraction pattern for a Pd/Fe/GaAs structure. Two cases are
addressed: (a) a room temperature growth and (b) a growth at 180° C.

material were measured, for example see Fig. 3.14. Empirically we concluded that a tem-
perature of 180° C is sufficient for surface flattening and does not stimulate interdiffusion
of the atoms between two adjacent layers.

The thickness of the deposited material is measured by means of RHEED specu-
lar spot intensity oscillations. An independent measure is also acquired from the pre-
calibrated thickness monitor, see item 19 on Fig. 3.1. Results from these two techniques

were very well correlated.

3.2 Ferromagnetic resonance technique (FMR)

Static and dynamic magnetic properties of ultrathin magnetic nano structures were
studied using ferromagnetic resonance (FMR) over a wide range of frequencies. Standard
FMR spectrometers were used at frequencies of 10, 14, 24, 36 and 74 GHz. A Network
Analyzer system was used over the frequency range from 50 MHz to 40 GHz.

3.2.1 Conventional FMR spectrometer

Major components and parts of a standard FMR spectrometer are shown in Fig. 3.15.
Gunn diode oscillators and reflex klystrons were used as microwave sources. A Gunn
diode oscillator, also known as a transferred electron device (TED), is based on a high-

frequency diode used in microwave electronics. Three semiconductor layers are employed
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Figure 3.14: Sample surface composition ratio as a function of temperature for
9Pd/16Fe/GaAs. The composition ratio is calculated from Auger peak to peak intensi-
ties for As (A), Pd (o) and Fe (o). The graph shows that no interdiffusion is observed
for temperatures less than 180° C.

in the Gunn diode: two layers are heavily n-doped and are attached to the two device
terminals, and a thin layer of lightly doped material is inserted between them. When
a voltage is applied to the device, the electrical gradient will be largest across the thin
middle layer. Eventually, this layer starts to conduct, reducing the gradient across it and
this results in decreased conduction. This means that a Gunn diode exhibits a region of
negative differential resistance. The negative differential resistance combined with the
timing properties of the intermediate layer allows one to generate rf power by applying
a suitable direct current through the device. The oscillation frequency is determined
mainly by the properties of the thin middle layer, but can be adjusted by external
factors. Gunn diodes are commonly employed in the 10’s of GHz range of frequencies.
In a reflex klystron, an electron beam generated by an electron gun passes through a
single microwave resonant cavity. After passing through the resonant cavity the electrons
are reflected by a negatively charged reflector electrode and pass back through the cavity
and are eventually collected. The electron beam is velocity modulated by electric fields
in the cavity on the first pass through the cavity. As a result the electrons form bunches
in the drift space between the reflector and the cavity. The voltage on the reflector
must be adjusted so that the bunching is at a maximum as the electron beam re-enters

the resonant cavity, thus ensuring a maximum energy transfer from the electron beam
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Figure 3.15: A schematic diagram of a typical FMR system used in our experiments.

to the rf oscillations in the cavity. This maximum of energy transfer from the electron
bunches to the microwave field in the cavity occurs at a cavity resonant frequency.
The microwave frequency was measured using a calibrated cavity frequency meter. The
microwave absorption at a constant microwave frequency was monitored as an external
magnetic field was swept over a suitable interval. The external dc magnetic field was
generated using a Varian 3800 electromagnet. The magnetic field strength was measured
using a Hall probe calibrated by comparison with the nuclear magnetic resonance of
protons in HyO. The external field could be rotated to make an arbitrary angle with
respect to the sample axes with a precision of 0.1°. A microwave cavity was used to
enhance the rf driving field on the sample. The geometry of the waveguide and microwave
cavity is shown in figures 3.16 and 3.17. The microwave frequency was varied slightly
so that the cavity remained on resonance as the specimen absorption varied during
the measurement. This was achieved by applying an additional voltage modulation at
70 kHz on the Gunn diode (or klystron) power supply. This slightly modulates the
output microwave frequency. De-tuning of the cavity resulted in a 70 kHz error signal
at the detection diode. The error signal was rectified by a lock-in amplifier and the

resulting dc output voltage was fed back to the control circuitry of the microwave source
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in such a way as to keep the microwave cavity always on resonance. To enhance the
FMR signal to noise ratio the external field was modulated at 100 Hz applied using a
separate set of coils inside the main magnet. The FMR signal was then detected by
means of a lock-in amplifier operating at 100 Hz. The output signal from the lock-
in amplifier was proportional to the magnetic field derivative of the absorption signal.
Typical data for the derivative of the FMR absorbtion is shown in Fig. 3.21(a). The two
modulation frequencies are well separated and do not interfere with each other during

the measurements.
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Figure 3.16: A schematic drawing of the cylindrical cavity and sample. (a) shows the
sample position for in-plane FMR measurements; (b) shows the sample position for the
out of plane FMR measurements; H displays the external field direction, which can be
rotated in the plane of the cavity base. If the sample is mounted on the wall of the cavity
as shown in (b) the magnetization can be tilted out of the film plane; for a particular
angle the applied field is oriented perpendicular to the film plane. (c) Force lines of
the rf magnetic field inside the cavity of the T'Fy; cavity mode are shown with dashed
elliptical lines.

The cavity geometry is specifically designed for each frequency range. The field
intensity in the cavity is significantly increased compared to the field strength in the
waveguide, see Fig. 3.17. The cylindrical cavity T'Ey; mode, see Fig. 3.17(c) is very
suitable for FMR measurements because the cavity quality factor, Q, does not depend on

the quality of the electrical contact between the tuning plunger and the cylindrical wall,
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see Fig. 3.16. The T'My; mode is frequency degenerate with the T'Ey; mode [70]. However

Vi .
/i/ / Coupling hole

Figure 3.17: FEMLAB simulations for the magnetic field distribution in the cavity and
waveguide. Only the dominant 7'Ey; resonant mode for a cylindrical cavity is considered.
The degenerate T'My; mode is suppressed by breaking the electrical contact between the
cavity walls and the cavity base opposite to the waveguide connection. In an experiment
this configuration is realized by a poor contact between the cavity walls and the tuning
plunger. The elliptical lines in the figure illustrate the rf magnetic lines of force. The
magnetic field strength inside the cavity is significantly enhanced. Partial leakage of the
cavity microwave power back into the waveguide is observed due to the presence of the
coupling hole.

in the T'My; mode rf currents flow between the tuning plunger and the cylindrical wall of
the cavity. Consequently this mode can be eliminated by using a poor electrical contact
between the plunger and the cylindrical wall. One can design a cylindrical cavity for
which the T'Ey; mode is the only dominant resonant mode that provides a large rf
magnetic field to drive FMR in ultrathin metallic films, see Fig. 3.16. The coupling
between the cavity and the microwave track is established via a coupling hole between
the waveguide and the resonant cavity, see Figs. 3.16 and 3.17. The size of the coupling
hole is adjusted to obtain sub-critical coupling. This means that the reflected microwave
power decreases when the coupling is increased. Optimum sensitivity is achieved when
the reflected power at resonance is approximately equal to half the incoming power.

Both the in-plane and out of plane FMR measurements were carried out using an
FMR spectrometer as illustrated in Fig. 3.15. The FMR data acquired in the out of
plane configuration (i.e. the magnetization is inclined with respect to the film surface),
required the sample plane to be rotated by 90 degrees with respect to the cavity base,
see Fig. 3.16(Db).

Standard FMR spectrometer measurements are reliable, however they require major

adjustments when the microwave frequency range is changed. A separate microwave
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source, microwave parts, and microwave cavity are required for each frequency band.

3.2.2 Network analyzer

The complications associated with the use of microwave cavities can be avoided by
switching to a Network analyzer system using a coplanar waveguide. In this case the
vector Network Analyzer (NA) operating in transmission mode provides the microwave
power and measures the transmitted microwave field, see Fig. 3.18(a). The vector net-
work analyzer compares the incident signal that leaves the analyzer with either the signal
that is transmitted through the test device or the signal that is reflected from the device
input. Since it is difficult to measure the total current and voltage at higher frequencies
the so-called S-parameters are used instead. These parameters can be used to deter-
mine common parameters such as gain, loss, and reflection coefficients. The number of

S-parameters for a given device is equal to the square of the number of ports. In our
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Figure 3.18: FMR setup using a Network Analyzer (NA) and transmission line. (a)
Shows the transmission line with the sample above it connected to output and input
ports of the NA. The transmission coefficient S21 was measured: S21 is a measure of
the power emerging from Port 1 as a result of applying an rf stimulus to Port 2. In
(b) a schematic drawing of the coplanar transmission line is shown. Metallic structures
(Au in our case) were deposited on a GaAs semi-insulating substrate. The central signal
line of width s is separated by air gaps of width w from the ground planes. The ratio
between s and w determines the impedance of the coplanar waveguide. (c) shows the rf
field distribution around the conductors of the coplanar transmission line: dashed lines
show the magnetic field force lines, and the solid lines show the electric field force lines.



CHAPTER 3. EXPERIMENTAL TECHNIQUES AND APPARATUS 93

measurements, a two-port device has four S-parameters. The numbering convention for
the S-parameters is that the first number following the S is the port at which energy
emerges from the NA, and the second number is the port at which energy enters the
NA. Forward S-parameters are determined by measuring the magnitude and phase of
the incident, reflected, and transmitted signals when the output is terminated by the
characteristic impedance of the test system. In the case of a simple two-port network,
S11 is equivalent to the input complex reflection coefficient, while S21 is the forward
complex transmission coefficient, i.e. S21 is a measure of the power emerging from Port

1 as a result of applying an rf stimulus to Port 2.
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Figure 3.19: (a) A schematic drawing illustrating the configuration of a coplanar trans-
mission line with a magnetic film used to measure FMR in the film. The magnetization
M precesses with a small rf magnetization component m (m<Mj). The time independent
component M| is parallel to the static internal field Hint,st, (M~M;). A typical force line
of the rf magnetic field is shown by the solid ellipse. The precessional motion of the film
magnetization was predominantly driven by the in-plane rf magnetic field component.
(b) A sketch of the magnetic sample position with respect to the coplanar waveguide and
rf magnetic field distribution inside the sample. The impedance mismatch between the
metallic magnetic film and the semi-insulating GaAs substrate leads to a triangular dis-
tribution of the rf field inside the metallic film: the field is strongest at the metal /vacuum
interface and it decays linearly to a small value at the metal/semiconductor interface.
The strength of the field at the metal/semiconductor interface is given by Maxwell’s
equations and the boundary conditions required to satisfy the impedance mismatch.

A coplanar waveguide, see Fig. 3.18(b), is used as a coupling mechanism between the
microwave source and the sample. The coplanar waveguide must have a characteristic
impedance of 50 Ohms in order to match standard commercially available rf devices.

The dielectric constant of any insulating material, the thickness (h), the width of the
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signal line (s), and the distance between signal line and ground conductors (w) are the
major parameters that have to be taken into account when preparing a coplanar trans-
mission line. We used optical lithography to pattern Au coplanar transmission lines on a
semi-insulating GaAs substrate. The microwave transmission through a patterned trans-
mission line was reasonably flat and the microwave power loss did not exceed 20 dBm

for frequencies below 20 GHz. Commercially available low insertion loss probes from
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Figure 3.20: An example of the phase correction performed on the S21 data obtained
using the vector NA. The measured signal was transformed by rotating the system
of coordinates used by the NA. The rotation angle determines the phase between the
stimulus signal and the signal emerging from the measuring port. Three angles of rotation
are considered in the figure: (a) -15°, (b) 0°, and (c) +15°. Figures (a) and (c) clearly
correspond to a signal that is an admixture of the real and imaginary parts of the rf
susceptibility. In (b) the phase angle is such that the absorption and dispersion signals
correspond separately to the imaginary and the real part, respectively, of the transmission
S21 coeflicient.

Picoprobe were used to couple the high frequency coaxial cables to the transmission
line. The rf electromagnetic fields around the signal line is shown in figure 3.18(c). The
samples to be measured were placed on the transmission line with their metallic layers
facing the transmission line and the GaAs specimen substrate was covered by a metallic
plate which significantly decreased the field dependent rf background signal. The sample

and transmission line configuration is shown in Fig. 3.19(a). The magnetic films were
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driven most effectively by the rf magnetic field generated by the signal conductor. This
field is parallel to the film surface.

The rf field was inhomogeneous across the film thickness decreasing with increasing
depth inside the metallic film, see figure 3.19b. This effect is caused by the impedance
mismatch between the metallic film and the GaAs semi-insulating substrate. The FMR
data were taken using a constant selected microwave frequency and sweeping the external
magnetic field. The NA functions as a lock-in amplifier operating at variable microwave
frequencies that allows one to collect two microwave signals having their phases sep-
arated by 90 degrees. The phase of the rf signal, S21, is dependent on a number of
external parameters such as loading of the waveguide, length of the connecting cables,
etc. However, postprocessing of the measured signals by rotating the NA system of co-
ordinates allows one to clearly identify the real and imaginary parts of the rf magnetic
susceptibility, see figure 3.20.

The Network Analyzer can be also used for FMR measurements in which the fre-
quency is varied while holding the applied magnetic field constant. In that case the
microwave absorbtion is monitored as a function of frequency. The data so obtained
are strongly dependent on the transmission properties of the microwave track and one
needs to correct the data for the frequency dependence of the track (background signal).
The background signal is obtained by carrying out an equivalent frequency sweep in a
high magnetic field such that the sample susceptibility has little or no field dependence.
Unfortunately the system components are not completely independent of the applied
magnetic field and consequently this correction turned out to be only partly satisfactory.
Hence most of the measurements reported in this thesis were carried out in the field

sweep mode while maintaining a constant frequency.

3.2.3 Typical FMR data

FMR analyses were carried out using that signal which is proportional to the imaginary
part of the in-plane rf susceptibility. There are two important parameters: the FMR
absorption peak position and the FMR absorption peak linewidth. The peak position
provides information about internal fields, effective magnetization, and g-factor. The
linewidth provides information about the magnetic damping. The angular dependence of
the FMR peak position was used to determine the magnetic crystalline anisotropies. The
FMR linewidths were used to determine magnetic damping parameters. The measured

FMR signals generally included an unknown phase shift which resulted in an admixture
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of the real part ' with the imaginary part x" of the rf susceptibility, see Eq. 3.7. It is
important to realize that the NA records the data along two axes that are shifted in phase
by 7/2. Therefore for the network analyzer the separation of the signals proportional
to ¥ and y was achieved by a suitable rotation of the NA system of coordinates, see
Fig. 3.20. The peak position and linewidth were extracted by fitting imaginary part of
the data with the following function (see Eq. 2.29):

y AH
AH? + (H — HFMR)2
where AH is the half width at half maximum, Hgjy,p is the external field at which FMR

occurs and H is the value of the external field.

X (3.6)

For conventional FMR measurements using standard microwave spectrometers the
interpretation of FMR is carried out in a simpler way. One assumes a certain admixture
of the ¥ and y" signals. The fitting function is modified by using a mixing angle ¢
in the set of fitting parameters. The mixed (asymmetric) FMR absorption function is
described by equation 3.7 (see Eq. 2.27).

AHcosp + (H — Hppygr)sing
AH? + (H — Hppyg)?

where y’ is the dispersive part of the susceptibility. To take into account the low fre-

X" cosp + x'sinp ~ (3.7)

quency modulation of the external field one has to fit the FMR data to the derivative of

the above function 3.8

d(x"cosp + X'siny) 2AHcosp(H — Hryrr) (AH? — (H — Hpyr)?)sing

dH {AH?+ (H — Hryr)?)2 {AH? + (H — Hpyg)?)?
(3.8)

Typical FMR spectra from a magnetic double layer is presented in figure 3.21. In

this example two separate resonances are observed due to the fact that the specimen
consisted of two magnetic layers having difference magnetic properties and separated by
a non-magnetic spacer layer.

Intensities of the resonance absorption spectra are proportional to the saturation
magnetization, magnetic film thickness and driving rf field amplitude. For FMR data
obtained using a conventional microwave system (see Fig. 3.15) the FMR linewidth
affects the strength of the measured signal since it is the derivative of the absorption
signal that is measured. To obtain a quantitative measure of the intensity for this case
one has to carry out a double integration of the field derivative of the absorption. The

intensity so obtained is directly proportional to the total magnetic moment (M,d) of
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the specimen. One can therefore carry out measurement of the thin film magnetization
by comparing the strength of the FMR resonance for the thin film with the strength of
the FMR resonance observed using a film sufficiently thick that 47 M, attains the bulk
value. In this way one can investigate the influence of thickness and the proximity of
other metals on the magnetization [71, 8]. However this technique is very sensitive to

the rf driving field and to the coupling of the cavity to the microwave track, and therefore

these parameters must be accurately measured.
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Figure 3.21: Typical in-plane FMR data for a magnetic doublelayer. The different
magnetic properties of the two magnetic layers results in different FMR resonance
conditions for the two films, i.e. FMR resonance occurs at different applied mag-
netic field values. (a) Conventional FMR spectrometer measurements at 24.4GHz on
20Au/16Fe/15Au/14Fe/GaAs sample, showing the derivative with respect to the field of
the absorbtion spectrum. (b) The phase corrected imaginary part of the S21 transmis-
sion coefficient obtained using a Network Analyzer on a 30Au/40Fe/15Au/14Fe/GaAs
sample at 15 GHz. Pure Lorentzian absorption lines are observed for both magnetic

layers.

For network FMR analyzer data a direct correlation of the intensity of the fitted
spectra with the film thickness is complicated by the non-uniform driving magnetic field
in the two layers, see Fig. 3.19b. The difference in driving amplitudes influences the
intensity of each absorption peak. The value of the driving field even varies across a
given magnetic film thickness, and this makes an analysis based upon the rf driving in
a film a very convoluted problem. Thus no saturation magnetization and film thickness

analysis was performed on the NA data.
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3.3 Time resolved magneto-optic Kerr effect tech-
nique

Magneto-Optical Kerr Effect (MOKE) is another useful way to probe the magnetic
properties of ultrathin magnetic thin films. The off-diagonal components of the dielectric
permittivity tensor affect the polarization vector of the reflected light by creating a small
polarization component oriented perpendicular to the incident beam polarization. The
amplitude of this orthogonal reflected component is proportional to the magnetization
density inside the studied film. This results in a rotation of the total polarization vector.
The studies reported in this thesis were carried out using the polar Kerr effect in which
the primary linearly polarized light beam falls at perpendicular incidence upon the thin
film specimen.

In the polar effect the MOKE polarization rotation is proportional to the magne-
tization component perpendicular to the film surface. In general the MOKE signal is
shifted in phase with respect to the primary reflected beam. Thus the final polarization
vector can be described in general by a rotation angle 6 of the polarization axes and
an ellipticity €. Detailed quantitative analysis and its implications for MOKE experi-
ments on magnetic doublelayers is presented in Chapters 2 and 6. In order to obtain
information about the magnetic dynamic properties of thin films it is vital to probe
the nonequilibrium behavior of the magnetization on a picosecond time scale. The time
resolved magneto-optic Kerr effect technique (TRMOKE) was employed in our studies.
The TRMOKE technique was used for several reasons: (a) studies on magnetic double-
layer structures of the form F2/NM/F1/GaAs required observation of the magnetization
precession in both the top F2 layer and the bottom F1 layer. Modification of the original
system, described in Section 3.3.1, allowed us to carry out depth resolved TRMOKE mea-
surements and thereby isolate the Kerr signals induced in each of the two ferromagnetic
layers. (b) In our TRMOKE setup it was possible to use a continuous wave rf excitation
of the magnetic specimen which was phaselocked to the laser repetition rate. It will be
shown in Section 3.3.2 how the continuous phase-locked wave excitation was realized in
our experimental setup. I have to point out that the interpretation of the experimental
data was based on the fact that a steady precession (not a transient precession) of the
magnetization was generated. (c¢) The interaction of light with the magnetized media
occurs on a timescale of femtoseconds [72]. On a picosecond timescale, which was used
in our experiments, the magnitude of the Kerr rotation is a reproducible and steady

quantity. These TRMOKE features were essential for the present thesis work.
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Figure 3.22: A schematic diagram of the TRMOKE apparatus. Optical detection sytem
is discussed in Subsection 3.3.1. Microwave excitation description is given in Subsection
3.3.2.
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A schematic diagramm of the TRMOKE system employed in my studies is shown in
figure 3.22. In this system pulsed light from a mode-locked Ti:Sapphire laser (10 Watt
output power) was used for both synchronizing the rf sample excitation and probing the
magnetization precession; a detailed review of this technique can be found in chapter 6 of
reference [73]. The angle of incidence of the incident laser beam was 7/2 (perpendicular
to the surface). The change in polarization of the reflected light was monitored as a
function of the delay time between the rf pumping signal (magnetic excitation) and
the probing beam. Using this technique one was able to observe the rf out of plane
magnetization component with a picosecond time resolution. The time delay with this
resolution between the pump signal phase and the probe pulse was achieved by means of
an optical delay line. Our TRMOKE provided also a spatial resolution of 200 nm. This
was achieved by employing the objective lens of an optical microscope to focus the laser
spot size down to 200 nm. A high spatial resolution was required in order to carry out
experiments on small specimens. Spatial scans were carried out by moving the sample
using a high precision capacitive piezo stage.

During the course of this work a number of important modifications were made to the
excitation method (we used comb generator to create continuous rf excitation) and to the
signal acquisition (we used 1/4 wave plate to carry out depth resolved measurements)
to suit our experiments. In the next few paragraphs I will describe the detection and
magnetic excitation techniques, and finally the sample preparation procedure. The 7 ps
risetime laser pulse generated by a Ti:Sapphire laser having an 800 nm optical wavelength
and a repetition rate of 80 MHz was split into two beams. One beam was used as a probe

while the other beam was used to generate a continuous wave rf excitation signal.

3.3.1 Magnetization detection and depth sensitivity

The light probe beam was frequency doubled to a wavelength of A = 400 nm and sub-
sequently linearly polarized using a plate polarizer. After the probe beam was reflected
from the sample, the time dependence of the magnetization component Mz, the com-
ponent perpendicular to the specimen plane, was carried out by means of an optical
polarization vector analysis in an optical bridge, see figure 3.23. The polarization rota-
tion induced by the magnetization component Mz was detected by splitting the reflected
beam into two beams having mutually orthogonal linear polarizations as shown in fig-
ure 3.23(a). This was achieved by passing the reflected beam through a Wollaston prism.

The orientation of the Wollaston prism was adjusted, in the absence of a MOKE signal,
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to bring the difference between the DC voltages on the two photodiodes in the optical
bridge to zero. The output of each photodiode was approximately 2 V. The probing
beam was attenuated in order to prevent overheating of the sample. In the absence of
a specimen magnetization precession (excitation) the reflected beam polarization was
constant leading to a time independent signal, see figure 3.23(b). On the other hand
when a continuous wave rf excitation was applied to the sample, see figure 3.22, the
output of the optical bridge provided a signal proportional to Mz, the instantaneous
magnetization component perpendicular to the film surface. The rf microwave power
was modulated by means of mixing the output from a 2.3 kHz generator with the rf
driver. This modulation of the rf driver signal resulted in an ac 2.3 kHz MOKE signal,
see figure 3.23(c). This MOKE signal was then detected by means of a lock-in amplifier
operating at 2.3 kHz.

The measured MOKE signal is always significantly smaller than the reference signal.
The MOKE polarization vector is perpendicular to the primary beam polarization vector.
The MOKE polarization can be split into a pure rotation (in phase with the reference
polarization) and an elliptical polarization (/2 shifted from the reference polarization).
The output of the optical bridge is insensitive to the elliptical polarization because it is in
quadrature with the reference polarization. One is able to detect the pure rotational part
of the polarization vector only because it adds or subtracts from the reference polarization
inside the Wollaston prism. In that case the output from the detection diodes is linearly
proportional to the MOKE signal. The phase of the Kerr polarization with respect to the
reference polarization can be adjusted using a 1/4 wavelength plate, see Figure 2.5. This
is a crucial feature for the study of magnetic double layer structures separated by a non-
magnetic metal spacer, F1/NM/F2. One can adjust the 1/4 wavelength plate such that
the MOKE polarization of a particular F layer has the elliptical MOKE component phase
shifted by 7/2. In that case this particular layer does not contribute to the MOKE signal.
For thick NM spacers the phase of the MOKE polarization is significantly different for the
F1 and F2 layers due to the different optical paths inside the film, see [55]. This means
that the other ferromagnetic layer can have an appreciable optical in-phase rotational
component to the MOKE polarization and thus contribute to the MOKE signal. This
allows one to attain depth resolution in the MOKE studies. This depth resolution feature
of MOKE was first demonstrated by Schaefer et al. [54]. For thick NM spacers the MOKE
signal from the bottom F layer (grown on GaAs) is also significantly attenuated due to

the short penetration depth of the laser beam in metallic films (=~ 60 nm).
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Figure 3.23: Kerr signal detection. (a) shows the detection system based on an optical
bridge: light reflected from the magnetized specimen is split by the Wollaston prism
into two beams having orthogonal polarizations. The intensities of the two beams are
measured separately using photodiodes. The difference between the intensities of these
orthogonally polarized beams is measured using a lock-in amplifier at the 2.3 kHz fre-
quency of the microwave power modulation. The angle of incidence shown in the figure
is different from normal incidence in order to illustrate the optical components in a
cartoon: in a real experimental setup the incident beam is normal to the sample sur-
face. Diagrams (b) and (c) schematically show how the detection system responds to
the specimen magnetization in the presence of the rf excitation and in the absence of the
rf excitation. The direction of the arrows shows the beam polarizations and the arrow
lengths show the intensity of light having this polarization. The reader should follow the
detection system schematics aided by columns separated by the dashed vertical lines:
Incident light - the same polarization of the incident beam in both cases; Reflected light
- without excitation the polarization is the same as the incident light, but in the presence
of the rf driving signal the polarization of the reflected beam is rotated due to the polar
Kerr effect; Split beams - without the rf excitation both beams have same intensity with
orthogonal polarizations after passing through the Wollaston prism. With rf excitation
the intensities of the two orthogonal beams are different due to the Kerr rotation of the
polarization. A-B - the difference in voltage detected by the photodiodes is constant and
equal to zero without rf excitation, but when a modulated rf excitation is applied to the
magnetic specimen the intensity difference oscillates at the 2.3 kHz frequency of the rf
power modulation.
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3.3.2 Continuous wave excitation and synchronization

In order to generate magnetic excitations in the ferromagnetic thin film specimens a
continuous wave (cw) rf magnetic field was used having a selected microwave frequency
with its phase synchronized to the light pulse repetition rate. This was achieved in
several steps, see figure 3.22. Firstly a part of the 800 nm laser pulse was sent through an
optical delay line allowing one to measure the MOKE signal with a ps time resolution, see
figure 3.22. Secondly this laser pulse was fed into a fast photodiode, see figure 3.22. The
fast photodiode created voltage pulses at the 80 MHz frequency of the laser repetition
rate. These voltage pulses were converted to an 80 MHz square wave voltage signal by
employing a HP8082 pulse generator. The 80 MHz square wave signal was amplified to
a 27 dBm power level (about 0.5 W) and subsequently a Picosecond Pulse labs Comb
generator, model LPN 7110, was used to generate multiple 80 MHz harmonics. The LPN
7110 output provided us with a wide band of microwave frequencies accessible for the
measurements: we were able to choose any frequency in the 3 to 20 GHz range which
was a multiple of 80 MHz. The comb generator functioned as a frequency multiplier
allowing one to phase-lock its output to the laser beam pulses. The LPN 7110 is based
on monolithic Non-Linear-Transmission-Line (NLTL) circuit technology. The NLTL is a
synthetic transmission line in which Schottky varactor diodes are distributed along a high
impedance transmission line, and their lumped capacitance is a part of the transmission
line. The capacitance of a reverse biased Schottky diode is a nonlinear function of the
voltage such that the capacitance at low reverse bias is much greater than the capacitance
at high reverse bias. The signal on this synthetic transmission line propagates with a
velocity that is voltage dependent. A large step signal which changes from a small to a
large voltage will be compressed in time since the initial low voltage portion of the step
travels down the line slower than the higher voltage portion of the step. Consequently,
the higher voltage portion of the waveform ”catches up” with the lower voltage portion
of the step, resulting in ”edge compression”, increasing the sharpness of the low-to-high
transition edge. This behavior is similar to an ocean wave getting steeper and steeper
as it approaches the shore, when the trough of the wave is slowed by interaction with
the ocean floor, while the crest continues at a higher velocity, until the wave ”breaks”.
This process of edge steepening allows one to obtain high intensities in the microwave
range of frequencies. The rf frequency (closest harmonic) of interest was then filtered out
using a YIG bandpass filter. Finally, the isolated harmonic was amplified to the desired
power level. The selected rf signal was then amplitude modulated using a HP11720
modulator at 2.3 kHz frequency driven by a Voltcraft FG1617 signal generator. The
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2.3 kHz frequency signal was used also as the reference signal for the lock-in amplifier
employed in the detection of the MOKE signal.

3.3.3 Sample patterning and magnetic field configuration

The sample to be studied was deposited in proximity of the central conductor of a
co-planar transmission line. The configuration used for the TRMOKE measurements is

shown in figure 3.24(a). The samples were prepared using the MBE technique. Epitaxial
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Figure 3.24: (a) A schematic diagram shows the sample position with respect to the
coplanar waveguide (for details see Appendix A.2). The solid elliptical lines show the cw
rf driving field force lines. The sample magnetization precesses around the dc magnetic
field direction driven by the out of plane rf field, which is constant across the sample
structure. The TRMOKE probe beam is incident on the open face of the epitaxial pad.
(b) An optical micrograph of a real sample prepared for measurements. The inset shows
a spatially resolved MOKE signal measured on an epitaxial specimen pad. The uniform
color code on the epitaxial pad indicates that the sample is excited uniformly and that
dipolar fields due to the pad edges are negligible.

specimen pads from the initially continuous deposited thin film structure were defined
by optical lithography and dry etching. After this step a 2 micron thick ion-bombarded
photoresist was left on the top of the epitaxial structure. Subsequently a 200 nm thick
Au coplanar wave guide on the same wafer was prepared by means of optical lithography,
thermal evaporation, and a lift off processes. At first glance it appears that one can see
some epitaxial specimen pads though the 200 nm Au layer. In between an epitaxial pad
and the 200 nm Au conductor there was still the 2 micron thick photoresist. During
the lift-off process this photoresist dissolves and the Au layer on top of the epitaxial

structure tears off at the edges. Separation between the epitaxial pad and the waveguide
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was assured by evaporating the Au under an angle of 15 degrees with respect to the
surface normal (shadow effect). The epitaxial layer structure was located in the gap
between the signal conductor and the ground conductors of the coplanar waveguide, see
figure 3.24(a). A detailed description of the sample patterning procedure is given in the
Appendix A.2.

Microwave magnetic field force lines are illustrated by means of the solid lines drawn
around the signal line of the coplanar transmission waveguide, see Fig. 3.24(a). For this
configuration the rf-magnetic field is out-of-plane and in phase across the whole sample
structure. A magnetic dc-field was applied parallel to the waveguide using an externally
controlled electromagnet. DC magnetic fields between zero and 1.2 kOe were used during
the experiment. An optical micrograph and the lateral scan Kerr signal at FMR across

2

an 25 x 8 um® epitaxial island is shown in figure 3.24(b). From the uniformity of the

magnetic signal it is evident that the dipolar fields were weak for this geometry.

3.3.4 Measurements configuration and typical data

A continuous applied rf magnetization field generates a steady state precession of the
magnetization. For a given setting of the delay time the MOKE signal is constant, see
figure 3.25(a). The MOKE signal at the given delay time is proportional to the transverse
rf susceptibility y, see figure 3.25(a). The measured signal E,, consists of 2 parts:

E,, ~ X'cos¢ + x"sing (3.9)

where x’ and y” are the dispersive and absorption parts of the rf susceptibility component
perpendicular to the film surface. ¢ is the phase angle between the driving rf magnetic
field and the probing optical pulse. By proper selection of the delay line position one is
able to isolate these two parts of the rf susceptibility and observe them separately. If the
probing beam is in phase with the rf driving field one observes the dispersive part y'.
By shifting the delay by the time corresponding to a 7/2 phase shift one observes x”.
Thus by fixing the delay time and sweeping the external DC magnetic field one is able
to measure the in-phase and out of phase components of the transverse rf susceptibility
over a wide range of magnetic fields including the field corresponding to FMR. Typical
data obtained in this way are shown in figure 3.25(b). The measured x” as a function of
the external field can be fit with equation 3.6 and this allows one to extract the magnetic
parameters of the sample. It is extremely important to have the phase ¢ of the driving
rf field locked to the pulse repetition rate. Small drifts in the phase result in a changing

admixture of the real and imaginary parts of the susceptibility within one field scan, and
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Figure 3.25: (a) A schematic diagram of the MOKE signal as a function of the time delay
between the MOKE probe pulse and the optical pulse, which generates the rf magnetic
field. (b) The experimentally observed TRMOKE signal for a 9.3 GHz continuous rf
excitation at a fixed delay time as a function of the applied dc field for a 10 atomic layer
Fe film. The solid line shows the absorption part of the susceptibility x”, and the dashed
line shows the dispersive part of susceptibility y’.

this phase drift results in serious distortions of the FMR Lorentzian lineshape 3.6 and

consequently introduces errors in the data analysis.



Chapter 4

Magnetic properties of ultrathin

films

Nano magnetism is developing in a fascinating manner. The ever increasing rate of in-
terest in this field is driven by several factors. Firstly, the use of the Molecular Beam
Epitaxy (MBE) technique in the growth of magnetic films in the early 80’s created the
possibility of preparing unique magnetic structures. Consequently the 80’s and 90’s were
marked by a number of important discoveries in magnetism; interface anisotropies, in-
terlayer exchange coupling, and the Giant Magneto Resistance (GMR) [1, 74, 75, 76]
effect are perhaps the most important milestones along which the further development
of magnetic nanostructures has evolved. The importance of these three effects was in-
stantly recognized by the scientific community. The field of magnetic nanostructures
is a new and central area of advanced condensed matter science which has led to a
major new direction in electronics called ”spintronics”. In spintronics the electron spin
momentum plays an equal role with the electrical charge. Magnetism has now merged
with electronics in a very fundamental manner allowing one to create new technologies
for data storage, data transfer, and logic operations. In order to create a spintronics
device one has to understand and control magnetization dynamics in the nano-second
time regime and beyond. This requires an understanding and control of the magnetic
relaxation processes in nanostructures. Magnetic relaxation processes are a central part
of ongoing studies in spintronics. Magnetic relaxation in metals is perhaps one of the
least understood areas of magnetism. It has led to lively discussions and various and
sometimes controversial interpretations. In this chapter I will show that many contro-
versies arise from extrinsic factors which are often not well identified and understood.

Magnetic damping is a complicated subject which is affected by various factors. Some of

67



CHAPTER 4. MAGNETIC PROPERTIES OF ULTRATHIN FILMS 68

these factors are intrinsic and cannot be avoided in the system while others are extrinsic
and most likely are caused either by structural or compositional defects. In order to
understand these processes one needs to create simple systems in which one can isolate
and enhance a particular type of damping mechanism thereby allowing one to study it
in detail. For this reason sample preparation and characterization becomes an essential
part of such studies. By preparing suitable magnetic multilayer structures one is able to
control the static and dynamic magnetic properties. The following chapter is organized
as follows: The sample growth will be addressed in Section 4.1. Static properties will
be discussed in Section 4.2. Studies of magnetic damping mechanisms will be shown
in Section 4.3. The experimental data for this Chapter were obtained using ultrathin
Au/Fe(001), Au/Fe/Au/Fe(001) and Au/Fe/Au/Pd/Fe(001) film structures grown on
4x6 reconstructed GaAs(001) templates.

4.1 Sample preparation

MBE allows one to prepare high quality crystalline epitaxial films. Crystalline films re-
quire that the film surface lattice be reasonably matched to the substrate surface lattice.

Crystalline Fe films were grown on GaAs(001) templates at room temperature (RT). The
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Figure 4.1: (a) RHEED specular spot intensity oscillations for Fe grown on GaAs(001).
The recovery of the specular spot intensity after reaching three atomic layers indicates
that a continuous film was formed at this point. (b)The RHEED diffraction pattern
with the electron beam oriented along the [110] crystallographic direction of Fe. The
split streaks indicate that the atomic terraces were only several nm wide.
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lattice mismatch between the Fe (bce crystal with lattice parameter 2.87 A) and GaAs
(001) (zinc-blend crystal with lattice parameter 5.64 A) is 1.4% (here one has to consider
that the Fe(001) surface mesh has a lattice constant that is only 1.4% smaller than the
size of the half unit cell of the GaAs(001) surface mesh). The growth of Fe was checked
by monitoring RHEED patterns and specular spot intensity oscillations. A continuous
film was formed after depositing the equivalent of three atomic layers of Fe. The depo-
sition of the equivalent of three atomic layers resulted in well defined RHEED patterns
and strong RHEED intensity oscillations, see figures 4.1(a) and 4.1(b). The observed
separation between RHEED streaks has shown that the Fe film grew in its bce single
crystal structure (in fact Fe formed bct single crystal due to strain induced Fe/GaAs
interface). The diffraction streaks, see figure 4.1(b), were split indicating that the atomic
terraces were several nm across. Strong RHEED intensity oscillations indicated that the
growth proceeded in a pseudo layer by layer growth where the top surface consisted of
a maximum of two incomplete atomic layers. The Fe surface topography was studied
by means of in-situ STM. A typical STM image of an Fe film grown on a GaAs(001)
substrate is shown in figure 3.11(a). The STM images confirm that the terrace size is of
the order of 3-5 nm. The atomic terraces are relatively small but the surface roughness
is confined mainly to one atomic layer. The mean surface roughness was found to be
0.19 nm. FEz situ magnetic studies required a Au cap layer to protect the Fe film from
ambient conditions. Au was chosen for the following reasons: Firstly, the fcc Au crystal
(001) mesh has a very close lattice match with the Fe mesh when rotated by 45 degrees,
i.e. the [100] direction of Au(001) (fcc crystal with lattice constant 4.09 A) is parallel
with the [110] direction of Fe(001); the lattice mismatch is 0.5%. Secondly, Au is a nobel
metal that creates a lasting protection (up to 1 year) from ambient conditions. The
RHEED specular spot intensity oscillations of Au grown on the Fe/GaAs(001) template
are shown in figure 4.2(a). The RHEED diffraction patterns shown in figures 4.2(b)
and (c) indicate that the deposited film is in a single crystal epitaxial form. However,
apart from the main streaks characteristic for the Au surface mesh additional diffraction
streaks were observed corresponding to the half lattice distance as a result of the forma-
tion of a 2x2 surface reconstruction. This 2x2 reconstruction on the Au film surface was
formed because As atoms act as a surfactant. Our Auger spectroscopy studies showed
that the equivalent of ~0.4 atomic layers of As were present on the Au surface. The
2X2 surface reconstruction is confirmed by the atomic resolution STM images of the
Au/Fe/GaAs(001) surface, see figure 4.3(b). In figure 4.3(a) a larger area of the Au

surface is shown (100x80 nm?). Au atomic terraces of the order of 10-20 nm are clearly



CHAPTER 4. MAGNETIC PROPERTIES OF ULTRATHIN FILMS 70

O) 50

45
401
354
30

o)
——
—

Intensity, a.u.

20+

0 100 200 300 400 500 600 700
Time, s

Figure 4.2: Deposition of Au on the Fe/GaAs(001) template. (a) Intensity oscillations of
the RHEED specular spot indicate a well defined layer by layer growth. The intensity of
the specular spot recovers at the 3rd oscillation, which shows that a continuous film of Au
is formed after two atomic layers are deposited. (b)The RHEED diffraction pattern for
the electron beam directed along the [100] crystallographic direction of Au. The RHEED
image shows that the surface displays a 2X2 reconstruction due to As atoms that float
to the surface. (¢)The RHEED diffraction pattern for the electron beam directed along
the [110] crystallographic direction of Au. Only streaks characteristic of the Au lattice
spacing are observed along this direction. Image here is scaled and real spacing between
streaks in (c) is larger than in (b) by a factor of 1.45.

Figure 4.3: (a)A 100X80 nm? STM image of the Au/Fe/GaAs surface. The rounded
terrace shapes indicates the presence of surfactant As. The presence of surfactant As is
confirmed by the atomic resolution STM image of the same surface, see the inset and
(b). (b) A 5X5nm? area picked from inside (a). The atomic resolution of the Au surface
indicates that the overall periodic surface mesh is doubled from that of the Au bulk
lattice spacing. The reconstruction is continuous across the whole surface area and is
not perturbed by the atomic terraces.
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visible. Au/Fe/GaAs(001) templates were used to prepare Fe/Au/Fe/GaAs(001) mag-
netic double layers. The growth of Fe on Au(001) was monitored by means of RHEED
specular spot intensity oscillations, see figure 4.4(a). The RHEED diffraction pattern,
see figure 4.4(b), showed that the Fe/Au/Fe/GaAs(001) magnetic double layer remained

a single crystal epitaxial film.
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Figure 4.4: The growth of Fe on a Au/Fe/GaAs(001) template. The RHEED specu-
lar spot intensity oscillations shown in (a) indicate epitaxial crystalline growth of Fe
on Au/Fe/GaAs(001). (b) The RHEED diffraction pattern of the Fe surface on the
Fe/Au/Fe/GaAs(001) film. The top Fe layer formed a two dimensional epitaxial crys-
talline surface.

4.2 Studies of static properties of ultrathin magnetic

multilayers

The static properties of ultrathin magnetic films are significantly different from those
in bulk materials. The main reason for these differences lies in the interfaces. The
presence of interfaces changes the energetics of the system and needs to be taken into
account. In fact, the magnetic properties of ultrathin films can be treated more simply
than is the case for bulk materials. In ultrathin films one can ignore spatial variations of
the magnetization across the film thickness. Interface atomic moments and bulk atomic
moments (a few ML below the interface) are locked together by the exchange interaction.
In this respect ultrathin films behave like giant magnetic molecules. This means that

the interface magnetic properties are shared together with the bulk magnetic properties
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resulting in a typical 1/d contribution to the magnetic anisotropies and their effective
fields where d is the film thickness [77, 7]. Ultrathin magnetic films represent a good

approximation to two dimensional systems.

4.2.1 Magnetic crystalline anisotropies in metallic multilayers

Single crystalline Fe films prepared by means of MBE possess well defined magnetic
crystalline anisotropies. Magnetic anisotropies have been studied by means of Ferro-
magnetic Resonance (FMR) [77, 7]. The presence of interfaces breaks the symmetry
of the lattice. This becomes particularly evident for the cubic lattice where the spin
orbit contribution to the bulk magnetic energy is significantly decreased by quenching of
the electron orbital momentum. The decreased symmetry at the interface introduces a
large uniaxial perpendicular surface anisotropy having its axis perpendicular to the film

surface. For a saturated film the effective demagnetizing field 4w M, is given by

oKL
M’

47TMeff:47TM5— (41)

where K- is the uniaxial perpendicular interface anisotropy and d is the film thickness.
4mM.s¢ can be widely varied by changing the film thickness. For a positive value of
4mM.s¢, and ignoring any bulk magnetic anisotropy, the resonance field H,.s is less than
w/~ for the parallel configuration, that is when the applied magnetic field and the static
magnetization lie in the plane of the film. The resonance field can be easily shifted
several kOe simply by changing the film thickness.

The in-plane magnetic anisotropies also include interface terms. For a square tem-
plate this includes the in-plane interface four fold anisotropy. There should be no in-
trinsic in-plane uniaxial anisotropy. However iron films grown on a 4x6 reconstructed
GaAs(001) template have an in-plane uniaxial anisotropy with the hard axis along the
[110] direction, see [34, 78]. The origin of the uniaxial anisotropy is undetermined at the
present time and has been discussed by many groups, see the review by Wastlbauer [12].
There are two mechanisms which, in principle, can explain the uniaxial anisotropy: (a)
The GaAs(001) template has a uniaxial symmetry due to dangling bonds associated with
the 2X6 reconstructed surface having As dimers running along the [110]gq4s direction.
The anisotropy can be explained by the coupling of the interface Fe electronic structure
to the substrate dangling bonds (sp? like bonding) [79]. (b) The second mechanism that
can explain the uniaxial anisotropy mechanism is a magneto-elastic term caused by the

Fe/GaAs lattice mismatch and which leads to a shear type of lattice distortion of the Fe.
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It was shown by Moosbuhler [80] that, in fact, the uniaxial anisotropy does not depend
on the reconstruction of the GaAs substrate. This suggests that the electronic structure
at the interface is not important for the underlying mechanism. In our studies discussed
in Section 4.2.2, I will present structural and magnetic studies of the Fe/GaAs interface
which indicate that the uniaxial anisotropy is caused by elastic strain.

The in-plane magnetic anisotropies further shift the resonance field. With the ex-
ternal field H oriented along the easy magnetic axis the resonance field is shifted to-
wards lower values of H. On the contrary when H is aligned along the hard magnetic
axis H,es is shifted to higher values. The angular dependence of the FMR field for a
20Au/16Fe/30Au film is shown in figure 4.5(a). The contribution of the four-fold mag-
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Figure 4.5: The angular dependence of the resonant FMR peak magnetic field for the
20Au/16Fe/30Au/16Fe/GaAs structure. The magnetic field was rotated in the plane of
the film. The measurements were carried out at 24 GHz. Angles are relative to [100]
crystallographic direction of GaAs. (a) 20Au/16Fe/30Au. (b) 30Au/16Fe/GaAs(001).
The data are shown by the open squares. The contributions of the four-fold and uniaxial
magnetic anisotropies are shown using the dotted and thin solid lines, respectively. A
self consistent fit to the data using the in-plane and perpendicular anisotropies is shown
using the thick solid lines (See the text for a list of magnetic parameters). Clearly the Fe
film grown on the GaAs(001) template is characterized by different magnetic crystalline
anisotropies than that grown on the 30Au(001) film. Dashed vertical lines indicate major
crystallographic directions.

netic anisotropy to the variation of the resonance field is shown by the dotted line. It is
noticeable that the two hard axes are not exactly equivalent. The simple four-fold angu-
lar dependence is altered by the presence of a weak uniaxial anisotropy having the easy

axis oriented along the [110] Fe crystallographic direction; its contribution is shown by
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the thin solid line. The experimental data shown by the open squares are well described
by the presence of the above two anisotropies. A computer fit to the experimental data
is shown by the thick solid line and was obtained using a self consistent calculation of
H,.s as a function of the angle of the applied field with respected to the [100] axis. The
direction of the static magnetization M in the given external field was obtained by min-
imizing the total magnetic energy. The magnetic parameters which were used to fit the
20Au/16Fe/30Au film are as follows: g=2.09, 4w M, = 21.5 kOe, and anisotropy param-
eters listed in Table 4.1 The in-plane four-fold anisotropy K; has the easy axes along the

Sample K K, A M. sy
20Au/16Fe/30Au || 2.97x10° erg/cm? | 2.75x10* erg/cm? | 17.5 kOe

Table 4.1: Anisotropy parameters for 20Au/16Fe/30Au

Fe (100) crystallographic directions and the in-plane uniaxial anisotropy K, has the easy
axis oriented along the [110] Fe direction. The static magnetic properties of the 16Fe
layer grown on GaAs(001) and covered by the 30Au layer are significantly different from
the iron layer in the 20Au/16Fe/30Au specimen. From figure 4.5(b) it is obvious that
a strong uniaxial magnetic anisotropy having the hard magnetic axis along the [110]
crystallographic direction dominates the four-fold in-plane anisotropy. The following
magnetic parameters were used to fit the observed resonant field angular data for the
Fe layer in the 30Au/16Fe/GaAs specimen: g=2.09, 47 M, = 21.5 kOe, and anisotropy
parameters listed in Table 4.2 For the Fe film grown directly on GaAs substrate four-fold

Sample K, K, 4 Mgy
30Au/16Fe/GaAs || 2.61x10° erg/cm? | -5.02x10° erg/cm® | 16.85 kOe

Table 4.2: Anisotropy parameters for 30Au/16Fe/GaAs

anisotropy K7 has the easy axes along the Fe (100) crystallographic directions, and the
in-plane uniaxial anisotropy K, has the hard axis directed along the [110] Fe crystallo-
graphic direction. The uniaxial in-plane anisotropy in the Au/Fe/GaAs(001) samples is

inversely proportional to the Fe layer thickness [34], this suggests its interface origin.
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4.2.2 Origin of uniaxial magnetic crystalline
anisotropy in Fe/GaAs(001)

The uniaxial anisotropy parameter K, in Au/Fe/GaAs is caused by the Fe/GaAs(001)
interface [34]. The structural and chemical properties of the GaAs/Fe(001) interface
is widely discussed [81, 82], but not yet fully understood. In order to understand
the effect of the chemical environment of Fe at the interface with GaAs and its in-
fluence on the magnetic properties we deposited the Fe films using the pulsed laser
deposition technique (PLD) and compared the resulting films with thermally deposited
(TD) films. The equivalent of two atomic layers of °"Fe was used as a probe layer
for Conversion Electron Mossbauer Spectroscopy (CEMS); further details are discussed
in [83]. The following samples were prepared using the TD and PLD depositions:
GaAs/25"Feprp/8Feprp/20Au(001), GaAs/25"Ferp /8Ferp/20Au(001).

Mossbauer studies: The magnetic states of the Fe atoms at the GaAs/Fe interface
were identified using the CEMS technique at room temperature (RT). The spectra are
shown in Fig. 4.6. 10-11 Mossbauer components were required to account for the mea-

sured spectra.

GaAs/2”Fe, 8Fe. /20Au(001)

intensity [a.u]

Velocity [mm/s]

Figure 4.6: Conversion electron Méssbauer spectra (CEMS) for, (a) thermally deposited
(TD) and (b) Pulsed Laser Deposition (PLD) samples. The thin solid lines represent
individual hyperfine field components corresponding to the different chemical environ-
ments of the Fe atoms. The thick solid line represents the overall fit to the data.
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The relative contributions of the spectral components and the corresponding hyper-
fine fields (H;) are summarized in the Fig. 4.7. The Mossbauer spectra were collected
at the University of Krakow in collaboration with Mark Przybylski and Jan Zukrovski.
From the CEMS spectra one is able to extract the relative contributions of the hyperfine
fields (Hy). The results are summarized in Fig. 4.7. The Méssbauer spectra for the TD
and PLD films exhibit a broad hyperfine field distribution for the 3" Fe probe layer grown
directly on the GaAs(001) template, see Fig. 4.6(b). The model used to fit the CEMS
data assumed that the hyperfine field was reduced by 23 kOe with the substitution of
one of the nearest neighbors of Fe by either a Ga or an As atom (further details can be
found in [83]).

25+ e

20

15

10

Relative contribution [%)]

(0] 80 160 240 320
Magnetic hyperfine field [kOe]

Figure 4.7: Relative contributions of the spectral components vs. the corresponding
magnetic hyperfine fields from the data reported in Fig 4.6. The (o) and (%) represent
the PLD, and TD samples, respectively.

The main difference between the PLD and TD prepared samples was observed at
the lowest and highest hyperfine fields. A particularly large contribution at the lowest
hyperfine field was observed for the PLD sample. The low hyperfine field contributions
are attributed to an extensive incorporation of the Fe atoms into the GaAs lattice. The
overall deposition rate for both techniques was approximately 2ML/min. In the case
of the thermal deposition the molecular beam was continuous and composed of atoms
having a low thermal energy. The TD Fe atoms do not significantly disturb the GaAs
lattice because of their insufficient thermal energy. On the other hand the PLD Fe atoms
were extracted from an Fe disk target by means of short but high energy laser pulses.
The short laser pulses heat the rotating Fe target to plasma temperatures so that the Fe
atoms were extracted in short explosion-like cycles. The bunches of Fe atoms released

from the target possessed a higher kinetic energy than those deposited by TD, and thus
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the PLD Fe atoms landing on the GaAs could be incorporated more deeply into the
GaAs template.

FMR studies of the TD and PLD films: The magnetic properties of the TD and
PLD Fe films were studied by means of FMR. The angular dependence of the FMR peak
position as a function of the direction of the applied external magnetic field is shown

in Fig. 4.8. The static magnetic properties for the two methods of deposition were
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Figure 4.8: The in-plane angular dependence (0° corresponds to [100] crystallographic
axis) of the FMR field (f=24 GHz) for GaAs(001)/10Fe/20Au(001) samples prepared
by (a) TD and (b) PLD. The dashed and dotted lines are the calculated resonance field
contributions from K, and K.y, respectively. The solid line represents the overall fit.
The insets show the corresponding angular dependence of the FMR linewidth.

significantly different, see table 4.3. The large in-plane uniaxial magnetic crystalline

Sample Ky err[108ergiom?] | K, || [10%ergiem?] | 47TM 4 [kG]
GaAs/257Fe,8Fe;;/20Au(001) 2.02 -7.01 14.74
GaAs/257Fep n8Fep, ;/20Au(001 -0.43 -2.25 9.60

Table 4.3: The in-plane uniaxial anisotropy parameter, K,,the in-plane four-fold
anisotropy parameter, Ki.ss, and the effective demagnetizing field 47 M.z for the listed
structures

anisotropy observed in the TD sample was observed to be significantly smaller in the
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PLD sample. The interface four-fold anisotropy in the PLD sample (negative with
respect to the bulk parameter K;) was increased in magnitude and resulted in a negative
overall K¢ even for a 10ML thick Fe film. The FMR results show that the modified
interface structure of the deposited films plays a crucial role in determining the magnetic

properties.

Correlation between the structural and magnetic properties: CEMS has shown
that the magnetic state of Fe at the GaAs(001) interface is very sensitive to the deposi-
tion technique. Fe films prepared by pulsed laser deposition exhibit a more intermixed
interface than those prepared by thermal deposition. Consequently the Fe interface lat-
tice in the PLD films can be expected to be clamped more strongly to the bee GaAs(001)
lattice than that in the TD films. Gordon and Crozier [82, 84, 85] recently reported the
presence of interface lattice shear at the GaAs/Fe(001) interface. This suggests that
the in-plane interface uniaxial anisotropy can be explained by a magneto-elastic term
which includes the lattice shear [86, 87]. This term has its uniaxial anisotropy ori-
ented along the in-plane lattice diagonal ([110]) as was observed in Fe films grown on
GaAs(001). A significant decrease in the in-plane interface uniaxial anisotropy in the
PLD films could then be caused by hard lattice clamping of the Fe interface atoms to
the cubic GaAs(001) lattice positions. Consequently the lattice interface shear would
be decreased which would most likely result in the observed decrease of the in-plane
uniaxial anisotropy. It can be argued that the clamping of the Fe interface atoms to the
cubic atomic positions of the GaAs lattice in the PLD samples could result in a decrease

in the in-plane uniaxial anisotropy and an increase in the interface four-fold anisotropy.

4.2.3 Collinear and non-collinear FMR resonance

For the in-plane FMR measurements on the 20Au/16Fe/30Au/16Fe/GaAs structure with
the dc field applied along the Fe [110] crystallographic axis the resonance conditions in
the saturated state are given by

2
w K 2|K.)| 2K, 2|K|
“Y = (H+4rM, TRl LTI IO i R LTI 42
(7) ( HamMerr oL MS) ( M, © M, (4.2)

where the upper and lower signs corresponds to the top 16 ML Fe film (surrounded by
Au) and the bottom 16 ML Fe film (facing the GaAs). This is a consequence of different
uniaxial easy axis direction for 16Fe layer grown on GaAs and 16Fe layer grown on
30Au/16Fe/GaAs. The resonance frequencies as a function of the applied field along the
hard magnetic axis ([110]) for the 20Au/16Fe/30Au/16Fe/GaAs(001)specimen are shown
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Figure 4.9: The resonant frequencies observed for a 20Au/16Fe/30Au/16Fe/GaAs(001)
specimen as a function of the field (fvsH) applied along [110]. The (M) corresponds to
the bottom Fe film that faces the GaAs substrate. The (o) corresponds to the 16Fe
top 16Fe film that is surrounded by Au. The well-defined cusps correspond to the fields
required to reach saturation, Hey. Hy = £2 | K, | /Ms+ 2K, /M,, where the plus and
minus signs correspond to the bottom 16Fe and top 16Fe, respectively.

in Fig. 4.9. Clearly, a second branch of the FMR peak position curve was observable
for fields less than the saturation field value. This branch corresponds to a non-collinear
orientation of the magnetic moments in the 16 ML Fe layers with respect to the external
applied field. The applied magnetic field was oriented along the hard magnetic axis in
both Fe layers. The bottom Fe film (Au/Fe/GaAs(001)) has its uniaxial magnetic hard
axis aligned along [110] due to a strong in-plane interface anisotropy at the Fe/GaAs
interface. The four-fold in-plane anisotropy has its magnetic hard axes along (110) which
further enhances the strength of the [110] hard axis. This leads to a unique behavior of
the FMR branch (fvsH, f,.s as a function of H) in the non-collinear configuration (M not
parallel to H) in the film facing the GaAs. The competition between the in-plane uniaxial
and cubic anisotropies results in three FMR peaks as a function of the applied field in
the 6-9.3 GHz range of microwave frequencies [88]. These are reduced to two resonant
peaks at the critical frequency f.. where the slope of the fvsH curve goes to zero. At this
frequency the non-collinear resonance peak occurs at the critical field H,. = 0.33 kOe.
The second resonant peak occurs at H = 1.35 kOe and corresponds to collinear FMR in

which the static magnetization is parallel with the applied magnetic field, see Fig.4.9.
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4.2.4 Ghost FMR resonance

For frequencies greater than the critical frequency one expects to see only one FMR
peak corresponding to the collinear configuration in which the static magnetization and
the applied field are parallel. Surprisingly an additional FMR peak was observed in
the non-collinear configuration, see Fig. 4.10(a) and (b). Its intensity rapidly decreased
and the linewidth rapidly increased with increasing microwave frequency, f > f... This
peak can be explained as a ”"ghost resonance” (GR) which was driven purely by the
magnetic losses. The GR peak persisted for frequencies ~ 1 GHz greater than the
critical frequency. The GR peak behavior is in agreement with simulations taking into
account the Landau-Lifshitz-Gilbert (L.L.G.) equation of motion for the non-collinear
configuration and including magnetic losses, see Fig. 4.10(c). For zero magnetic damping
(v = 0) the GR peak entirely disappears. The frequency range in which this peak persists
increases with increasing damping. The magnetic response (Y ) at [Her, for] is spread
out in the H and f plane (for f > f..) due to magnetic losses [89]. The field sweep passes
along the profile of the susceptibility peak x" (H,w) in the low-field tail. Consequently
the GR peak remains nearly constant in field as the frequency increases but its width

rapidly increases and its intensity rapidly decreases as the frequency increases.

4.3 Dynamic properties of magnetic multilayers

Dynamic magnetic measurements allow one to study magnetic excitations and magnetic

damping, see Eq. 2.31.

4.3.1 Intrinsic Gilbert damping

Magnetic single crystalline ultrathin films provide ideal candidates for extracting intrinsic
magnetic relaxations. A set of six 20Au/nFe/GaAs(001) samples, n = 8, 10, 13, 16, 20,
25, and 30, was prepared for the study of the intrinsic magnetic damping. The integers
represent the numbers of atomic layers. The FMR linewidth (AH) in these samples
scaled linearly with the microwave frequency with no appreciable zero frequency offset
in the in-plane and perpendicular FMR configurations. This behavior is characteristic
for Gilbert damping described by eq. 2.12 and describe « in equation 2.31. The results
displayed in Fig. 4.11 show that there is a very weak angular dependence of the damping
in all samples. However the damping parameter « is comprised of two contributions. One

part is a constant independent of the film thickness and corresponds to the bulk Gilbert
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Figure 4.10: (a) An additional FMR resonance is observed for frequencies greater than
the critical frequency f.. = 9.3 GHz and persists for ~ 1 GHz. (b) The imaginary part
of the in-plane rf susceptibility x" (H,w) for a frequency of 9.5 GHz, a frequency greater
than the critical value of f., = 9.3 GHz, as a function of the magnetic field applied along
the hard magnetic axis for the Fe layer in 30Au/16Fe/GaAs(001). Clearly an additional
FMR absorbtion peak is observed at the critical field H.. =0.33 kOe. (c) A theoretical
simulations of the magnetic response () for the Fe film adjacent to the GaAs substrate
as a function of frequency and applied magnetic field. Fortran code for simulations was
developed in our lab as a part of thesis work (program is called: biexchange noncollinear).
The magnetic response at [H.., f] is spread out in the H-f plane (for f > f..) due to
magnetic losses. The peak corresponding to the non-collinear configuration does not
disappear immediately, but rather decays rapidly due to the lossy tail of the " (H,w)
susceptibility.
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the resulting fits for the major 3 crystallographic axes. The horizontal dash-doted line
shows the extrapolated value of o corresponding to the bulk Fe limit.
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damping. A second part is inversely proportional to the film thickness and originates at
the film interfaces. The bulk damping is caused by noise in the spin orbit interaction.
The bulk value is o, = 1.3x1072, and the correspoding relaxation rate is G = 0.43x108s7 !,
see Fig. 4.11(d). Note that the interface damping is significant; at a film thickness of 10
atomic layers it surpasses the bulk damping by a factor of 2.5, see Fig. 4.11(d). Interface
damping is attributed to the interface electron band structure. Safonov and Bertram
[90] pointed out that lattice point defects can lead also to an additional Gilbert like
damping. A large background in RHEED for the thinnest samples indicates that lattice
point defects were present and these defects likely play a role in magnetic damping. In
fact the thinnest sample we studied was 20Au/8Fe/GaAs and the resulting damping
parameter « deviated from the general trend observed for the other samples. This was
especially pronounced for the magnetization oriented along the [110] crystallographic
direction, see Fig. 4.11(c). Since lattice defects played a significant role in this sample

its damping parameter was not included in fitting the data.

4.3.2 Intrinsic non-local damping in magnetic multilayers

Magnetic multilayers provide new opportunities to study phenomena where the interac-
tion between the itinerant electrons and magnetic moments can lead to unprecedented
and exciting effects. Fert [1] and Gruenberg showed that the electrical resistance of a
magnetic double layer depends on the relative orientation of the magnetic moments in the
two layers. Berger [91, 92, 93] and Slonczewki [94, 95] pointed out that the inverse process
can also take place. That is, the direction of the current flow perpendicular to the inter-
faces can change the relative orientation of the magnetic moments in magnetic double
layers (parallel or antiparallel). This switching effect was experimentally realized in point
contact experiments [96, 97| and in experiments on nano-pillars [98, 99]. Slonczewski [94]
has shown that the flow of spin momentum that is carried by a current directed perpen-
dicular to the interfaces of a magnetic double layer system NM/F1/NM/F2/NM results
in Landau Lifschitz like torques acting on the layers F1 and F2 and these torques change
direction when the current direction is reversed. Here NM stands for normal metal and
F1,2 stand for the ferromagnetic films. If the magnetization in F2 is fixed in direction
(hard magnetic layer) then the magnetization in F1 is allowed to rotate (free magnetic
layer). High current densities lead to spin torques sufficient to overcome the intrinsic
damping torques and lead to spin instabilities and to switching phenomena [95]. Spin

instabilities in turn can lead to the phase coherent emission of microwaves in the presence
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of a dc magnetic field. This phenomenon was first observed by the Cornell and NIST
groups [100, 101].

Testing the spin pump/spin sink model Brataas et al. [102] have generalized
the theory of peristaltic charge pumping [103] by including a spin dependent scattering
potential. Peristaltic charge pumping is based on the quantum mechanical scattering
matrix approach introduced by Landauer and Buttiker [104]. In magnetic multilayers
an additional source of Gilbert damping arises from dynamic non-local spin transport,
as discussed in Section 2.2.3. The spin pump contribution to magnetic damping was
studied in a 20Au/16Fe/15Au/14Fe/GaAs magnetic bilayer structure, see Fig. 4.12.
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Figure 4.12: FMR results measured at 36 GHz on a 20Au/16Fe/15Au/14Fe/GaAs(001)
specimen. The x and o points correspond to the 16Fe and 14Fe films, respectively.
(a) shows resonant peak position as function of the external field angle. The interface
uniaxial anisotropy at the Fe/GaAs interface separates the 16Fe and 14Fe resonance con-
ditions, except for two regions where an accidental crossover occurs. (b) FMR linewidth
as a function of the angle between the dc field and the [100]gq4s axis. When the FMR
fields were different the FMR linewidths were observed to be larger than the linewidths
observed in single layer structures. At the accidental crossovers the FMR linewidths
dropped to a value expected for single ferromagnetic layer films. The inset shows a mag-
nified part around the crossover point at (65°), where the data points were measured
every (.5° degrees.

The accumulated spin density in the NM is transported by itinerant electrons. The
motion of the itinerant electrons in the NM is affected by momentum scattering (leading
to resistance) and spin flip scattering (leading to loss of spin momentum). Spin flip
scattering in a cubic NM is caused by weak spin orbit coupling. This means that most
momentum scattering events are not accompanied by spin flip event [23]. Consequently

the accumulated spin density can penetrate through a relatively thick NM spacer. A
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ballistic spin regime is achieved when the spin mean free path in the NM metal becomes
significantly larger than the NM film thickness. This limit will be addressed in the next
paragraph. Diffusive spin transport is discussed in detail in Chapters 5 and 6.

The thickness of the Au spacer was 3 nm which satisfies ballistic spin transport
criteria, see revision by Bass et.al. [105]. The angular dependence of the FMR peak
position for the 20Au/16Fe/15Au/14Fe/GaAs specimen is shown in Fig. 4.12(a). The
interface uniaxial in-plane anisotropy at the 14Fe/GaAs interface separates the FMR
peak positions of the two magnetic layers over a wide range of angles of the applied
external field. Fig. 4.12(b) shows the FMR linewidth for the 16Fe and 14Fe layers as
a function of the angle of the applied external field with respect to the [100]g,as axis.
The experimentally measured FMR linewidths, AH, for fields far removed from the
peak position crossing are 97 Oe and 112 Oe respectively. The intrinsic Gilbert damping
parameter for 16Fe and 14Fe is expected to be a ~ 4.5 x 1073, see Fig. 4.11, which
corresponds to AH = 55 Oe at 36 GHz. Thus a significant enhancement of the damping
was observed and is due to the spin pumping mechanism. This situation corresponds to
Fig. 2.3(a). The FMR peak positions for the 16Fe and 14Fe films cross each other at the
angle of &~ 65°, see Fig. 4.12(a). At this cross-over angle both films are in the resonance
precession mode, which corresponds to the reduced linewidth shown in Fig. 2.3(b). At
cross-over the spin pumping contribution is cancelled by the spin-sink contribution. The
FMR linewidth of both magnetic films drops to 62 Oe, see the inset to Fig. 4.12(Db).
This FMR linewidth is nearly the same as that observed for bulk Fe, and which is due
to intrinsic Gilbert damping. For angles far removed from the crossover angle the spin-
sink contributions were negligible and the interface spin-pumping contributions caused
increased FMR linewidths compared with intrinsic damping linewidths. Notice that in
the vicinity of the crossover angle the FMR linewidth can be increased even more than
the value corresponding to simple addition of the interface and bulk Gilbert dampings
mechanisms. This is caused by the changing phase of the rf precession for fields near
the FMR resonance field and will be discussed in detail in Chapter 5 of this thesis.
Simulations using eqs 2.63 have shown that this additional increase in linewidth for
fields near the resonance field always happens in the thinner ferromagnetic layer in a

ferromagnetic bilayer structure [4, 13].
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4.3.3 Extrinsic damping due to long range inhomogeneities

Several groups have reported an enhancement of the magnetic damping at microwave
frequencies less than 10 GHz [106, 107, 108] using co-planar transmission lines. These
results were unusual because they did not agree with the Gilbert damping mechanism.
However, the interpretation of these results required a critical review. Particularly, the
role of sample homogeneity and the homogeneity of the microwave rf field in a coplanar
transmission line must be included in the analysis of the FMR measurements. We have
addressed this question by using high quality crystalline double layer Fe(001) films. We
used a Network Analyzer (NA) together with a coplanar transmission line to extend our
FMR studies to low microwave frequencies.

A magnetic double layer 30Au/40Fe/14Au/14Fe/GaAs(001) was grown using Molec-
ular Beam Epitaxy. The integers represent the number of atomic monolayers in each
film. FMR measurements were carried out using two different systems. (1) A standard
FMR spectrometer, using a klystron and microwave waveguides operating at frequencies
of 10, 24, 36 and 73 GHz, and (2) a network analyzer operating from 1 GHz to 24 GHz.
The network analyzer (NA) was attached to a coplanar transmission line (CTL) with
width and separation of conductors equal to 800 and 150 um, respectively: see Fig. 4.13.
A relatively wide central conductor, 800 pum, provided a reasonably uniform magnetic
driving field. NA was used in two modes: (a) A constant microwave frequency f and
an applied field sweep; and (b) a constant applied field H and a microwave frequency
sweep, f. The sample was placed across the CTL with the film side down and facing
the transmission line, see Fig. 4.13. The main FMR studies were carried out on the
top 40 ML Fe layer with the external magnetic field applied along the GaAs [110] di-
rection. The [110]gqas axis is a hard direction for the cubic magnetic anisotropy for
Fe films grown on a Au(001) template. In this configuration the 14Fe layer in the
30Au/40Fe/14Au/14Fe/GaAs(001) specimen is oriented along an easy axis of the total
magnetic anisotropy and consequently the FMR resonance fields in the H sweep, and
the frequencies in the f sweep, are well separated. The absorption lines for the two films
were clearly separated for frequencies ranging from 1 to 74 GHz.

The magnetic properties of a 40Fe film grown on a Au(001) template and covered

by Au were very nearly the same as those of bulk Fe. The four fold effective anisotropy

field was QMﬁ = 460 Oe; the in-plane uniaxial anisotropy field was small, 2]\[4(“ = 30 Oe
with the easy magnetic axis directed along the [110] axis, and the effective perpendicular
demagnetizing field 47 M. sy = 20.1 kG.

Along the hard magnetic axis, the leading anisotropy field in the second bracket of
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Figure 4.13: A schematic diagram of a coplanar waveguide (CPL) having an 800 um
central conductor and with a magnetic sample inserted above the transmission line. Only
the part of CPL covered by sample is shown (cf. 3.18.

Eq. 4.2 is negative and one was able to asymptotically reach zero resonance frequency
by approaching the critical magnetic field at which the 40Fe film was completely sat-
urated. The resonance frequency as a function of the applied field directed along the
[110] crystallographic direction for a 20Au/40Fe/30Au/GaAs(001) specimen is shown in
Fig. 4.14(a). Well defined f vs H cusps around the saturation field is clearly visible. In
order to reach low resonant frequencies one has to orient the field as close to the hard
axis as possible. The small misalignment of 1° would not allow one to reach a frequency
lower than 5 GHz. The 40Fe film FMR resonance itself was used in order to determine
the best alignment of the applied field with the hard axis. One can indeed see a sharp
cusp with a minimum frequency approaching 1 GHz. The FMR peak positions are in

good agreement with the calculations, see the solid line in Fig. 4.14(a).

Inhomogeneity contribution to the FMR linewidth in the field sweep mode
The frequency dependence of AH(f) for the field and magnetization oriented along the
[110] direction is shown in Fig. 4.14(b). Clearly the AH(f) (obtained using field sweeps)
is chiefly described by Gilbert damping with o = 0.0045. AH(f) is given by

AH =a (“—’) (4.3)

Y
K 2| K, 2K 2| K,
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where 4+ corresponds to top and bottom films respectively. After subtracting the spin
pumping contribution, oy, = 0.0016, the bulk Gilbert damping in the 40Fe film was
found to be a; = 0.0029 which is only 10 percent higher than the damping param-

eter found for the best Fe bulk samples. The small zero frequency offset shown in
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Figure 4.14: FMR measurements on 20Au/40Fe/30Au/GaAs(001) using the field sweep
mode with the external field oriented along the [110] crystallographic direction. (a) o
show the experimentally obtained resonance frequency vs applied magnetic field. Solid
lines shows results of simulations using the following parameters: g = 2.09, QMﬁ = 460 Oe;
% = 30 Oe with the easy magnetic axis directed along the [110] axis, the effective
perpendicular demagnetizing field 4mM.;; = 20.1 kG, and saturation magnetization
AtM.sr = 21.5 kG. (b) The FMR linewidth as a function of the frequency showing a
small zero frequency offset. The zero frequency offset can be attributed to inhomogeneous
internal fields, AH;,,=4 Oe.

Fig. 4.14(b)is due to the presence of long wavelength magnetic inhomogeneities [109].
This frequency dependent AH (f) was interpreted using a Gilbert damping parameter «
and a width A H,,;, corresponding to a Lorentian distribution of internal magnetic fields:

1
—_—,
Hin
1+ (AHz:h>

Variations in the internal field lead to various resonance conditions in different parts

of the sample. It is worthwhile to point out that even at low microwave frequencies
the observed FMR signal exhibited a Lorentian lineshape. For long wavelength inhomo-
geneities the FMR resonance can be described as a superposition of local FMR lines.
This leads to an additional contribution to the FMR linewidth. The inhomogeneous

field contribution can be accounted for by summing up over multiple FMR absorption
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lines using a suitable Lorentian width AH,,;, for a distribution of internal fields. A good
fit to the measured data is shown by the dashed line in Fig. 4.14(b) using o = 0.0044
and AH;,, = 4 Oe. In fact this contribution to AH can just be caused by a distri-
bution of dipolar fields due to an inhomogeneous rf field in the coplanar transmission
line structure, see Fig. 4.16. The inhomogeneous rf field leads to an inhomogeneous rf
magnetization distribution which results in an inhomogeneous rf dipolar field, equivalent
to an internal anisotropy field, and results in a shift of the resonance condition.

At low microwave frequencies the shift in the FMR field due to small inhomogeneties
is independent of the microwave frequency. In that case the slope of AH vs. frequency is
proportional to the Gilbert damping, and the zero frequency offset, AH (0) is determined
by the strength of magnetic inhomogeneities. When the zero frequency offset becomes
comparable to the intrinsic AH the convolution of multiple FMR lines effectively de-

creases the slope of AH as a function of microwave frequency.

Inhomogeneity contribution to the FMR linewidth in the frequency sweep
mode The Network Analyzer (NA)is a unique tool which provides an opportunity to
select any frequency in the range 50 MHz to 40 GHz, and to determine the microwave
transmission coefficients at that frequency with a sample attached to the microwave
transmission line. The sample was placed across the Coplanar Transmission Line (CTL)
with the film facing the transmission line, see Fig. 4.13. The NA was operated in the
521 transmission mode and essentially functioned as a lock-in amplifier operating at
variable microwave frequencies. One collects two microwave signals which have their
phases separated by 90 degrees. This allowed one to measure both the in phase and out
of phase rf susceptibility of the measured film. Frequency variations of the transmitted
microwave signal (background signal) were significantly decreased by covering samples
with a metallic plate. This had a negligible effect on the FMR lineshape. Fig. 4.15(b)
shows the frequency dependence of the frequency linewidth. The intrinsic frequency

linewidth is given by:

Aw 4Ku Kl
— = 2H + 47 M, - — 4.
< Y )mt Oé( TamMers ¥ M MS) (45)

where « in the 40Fe film consists of two parts; (1) Gilbert damping av =0.0029 and (2)
spin-pumping interface Gilbert damping of 0.0016. The total damping parameter is then
aor = 0.0045 [4]. This contribution is shown by the circular points in Fig. 4.15(b). The
FMR frequency linewidth slowly decreases its value with increasing resonance frequency.

However, at low frequencies there is a clear turn up in the measured Aw/vy (shown
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by the star points) indicating the presence of inhomogeneities in the effective internal

fields. The maximum linewidth was observed at the bottom of the cusp corresponding
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Figure 4.15: FMR results using a 20Au/40Fe/30Au/16Fe/GaAs(100) specimen mea-
sured in the frequency sweep mode. The magnetic field is directed along the [110]
crystallographic direction. (a) Resonance frequency vs applied magnetic field. (b) FMR
linewidth (see Eq.(4.5) as a function of the microwave frequency showing the line broad-
ening at low frequencies. The solid stars corresponds to the measured data, the solid
circles correspond to the expected Gilbert damping contribution, which was calculated
using Eq. 4.5 and a=0.0045. The solid line was calculated from the total frequency
linewidth using Eqs. 4.5 and 4.6 with the following parameters: g = 2.09, % = 460 Oe;
QMA = 30 Oe with the easy magnetic axis directed along the [110] axis, the effective
pei“pendicular demagnetizing field 47M.;; = 20.1 kG, and saturation magnetization

47 Msr = 21.5 kG.and assuming an inhomogeneous field contribution characterized by
a spread of | AH;,,|=7 Oe.

to minimum frequency. It is not likely that the intrinsic Gilbert damping changes from
high to low frequencies. The FMR linewidth AH for frequencies greater than 10 GHz
is well described by Gilbert damping, and therefore it would be rather surprising to
find some new type of relaxation process at frequencies less than 10 GHz. One should
realize that going to low microwave frequencies causes the resonance fields to attain small
values where one is able to see more readily the presence of long wavelength magnetic
inhomogeneities. Such long wavelength inhomogeneities lead to a superposition of FMR
lines and consequently to an increase in the FMR linewidth. One possible source of
magnetic inhomogeneities could be a spread of magnetic anisotropies. A deviation of

the anisotropy field from the mean value leads to a frequency shift given by:

(4.6)
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Therefore a spread AH,,,;, = % leads to an extrinsic frequency linewidth. The extrinsic

and intrinsic linewidths add in quadrature [110]:

A A A R
(_w) _ (_(.U) 1 + { weazt,anzs } (47)
v tot Y int Awint

The solid line in Fig. 4.15(b) is the calculated total linewidth, which takes into account
sample inhomogeneities. Using the average deviation AH;,, = 7 Oe provides a good fit
to the experimental data. The solid line in Fig. 4.15(b) describes well the experimental
data except at the lowest frequency. Since the internal field at this frequency is only
50 Oe, the required additional increase in the frequency linewidth could indicate that the
crystalline orientation of Fe along the film surface has some small angular deviations in
the alignment with respect to the GaAs(001) mesh. This would result in an incomplete
saturation and consequently to an additional FMR line broadening.
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Figure 4.16: The rf field distribution around the central conductor in a coplanar trans-
mission line (CTL). The physical dimensions of the CTL in this simulation are smaller
than those used in our experiments. In order to simulate the effect of a thin film sample
on the rf field distribution the transmission line dimensions had to be scaled down to
accommodate the vertical spatial grid used for the computer simulations.

An additional source of FMR line broadening is associated with the NA technique.
Inhomogeneous rf fields around the transmission line conductors , see Fig. 4.16, lead to an
inhomogeneous distribution of the rf magnetization which can give rise to rf dipolar fields
with a resultent shift of the NA-FMR peak position and an additional FMR linewidth.
This was pointed out by Counil et al. [111] for the first time. The frequency shift due
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to the dipolar field of a magnon having a wave vector % perpendicular to M s 1s

ATt M, s + 351
(%> = 2rMokd | ——L T (4.8)
v dip

v

where d is the thickness of the film.

The distribution profile of the rf field across a CTL transmission line covered by
a metallic film and a thick conducting plate was calculated using Ansoft microwave
software. A crude estimate of the average k wave number corresponding to our coplanar
transmission line dimensions is 7x1072 cm ™! and corresponds to an average dipolar field
of 4 Oe. This is equivalent in terms of |A H;,5| to 2 Oe, and therefore a true contribution
from the cubic anisotropy inhomogeneity to |AH;,,| would be only 5 Oe. This suggests
that the main part of the extrinsic frequency FMR linewidth arises from variations of
the anisotropy field due to long range sample inhomogeneity. Note that this contributes
to the damping only about one percent of its mean value.

For an ideal sample without defects and homogeneously driven the frequency depen-
dence of AH can be calculated from Eq. 4.5. It is almost linear and has a zero-frequency
offset, which can be readily obtained from Eq. 4.5. However, in the case of small long
range static sample inhomogeneities the frequency dependence of AH exhibits a singular

behavior at low frequencies that can be explained using Eq. 4.6.

4.3.4 Extrinsic damping due to a short range inhomogeneity,

two-magnon scattering

In this section we shall demonstrate that short range inhomogeneities can strongly af-
fect the spin dynamics. The resonance linewidth in Au/Pd/Fe/GaAs(001) multilayers
exhibited a strong extrinsic contribution [112]. The Pd(001) in-plane lattice constant
has a large 4.4% mismatch with respect to the Fe(001) template, even when the Pd[110]
and the Fe[100] axes are parallel. Au grows over Pd with the in-plane cubic axes parallel
to each other ([100]Au || [100]Pd). The Pd and Au lattice spacings are mismatched
by 4.5%. The presence of Pd in crystalline Au/Pd/Fe(001) multilayers provides a large
lattice strain which for Pd film thicknesses greater than a critical value is relieved by
the formation of misfit dislocations. Pd/Fe/GaAs(001) structures [112] are accompanied
by a network of misfit dislocations which for sufficiently thick Pd layers can propagate
right through the underlying Fe layer. The results in this section are presented using a
magnetic double layer 20Au/7Fe/40Au/11Pd/10Fe/GaAs(001)

together with a reference sample 20Au/7Fe/40Au/10Fe/GaAs(001).



CHAPTER 4. MAGNETIC PROPERTIES OF ULTRATHIN FILMS 93

The 7Fe film in the case of the 20Au/7Fe/40Au/11Pd/10Fe/GaAs(001) specimen is
grown on a template containing dislocations, which form at the Pd/Fe interface. The
misfit dislocation network propagates right through the 7Fe film resulting in a significant
contribution to extrinsic damping.

The RHEED patterns corresponding to Pd growth on an Fe/GaAs(001) template is
shown in figure 4.17. Approximate layer by layer growth is confirmed by the RHEED
specular spot intensity oscillations and the RHEED diffraction patterns.
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Figure 4.17: Growth studies of Pd grown on an Fe/GaAs(001) template. (a) shows
RHEED specular spot intensity oscillations indicating quasi layer by layer growth. (b)
The Pd RHEED diffraction pattern. The electron beam was oriented along the [110]
crystallographic direction. The Pd film is in the form of a single crystal, however a
Pd film grown at room temperature tends to develop small asperities, see nonuniform
RHEED intensity features along the streaks. Such asperities are also found in STM
images (cf. 3.12(a)).

Epitaxial deposition of Au on Pd/Fe/GaAs(001) was monitored using RHEED spec-
ular spot intensity oscillations, see Fig. 4.18(a). The RHEED pattern observed for the
Au(001) layer in 40Au/11Pd/10Fe/GaAs(001) developed fan-out streaks when the pri-
mary electron beam was oriented along the [100] Au directions (see Fig. 4.18(b)). The
low intensity middle streaks correspond to a 2X2 reconstruction. It has been shown
by Pukite [113, 114] that the presence of fan out streaks is related to surface clustering
involving a rectangular symmetry. Pukite’s interpretation allows one to make the follow-
ing conclusions: The presence of RHEED fan-out streaks with 90° symmetry is due to
the formation of a rectangular network of surface line defects. For the RHEED electron

beam oriented at 45° with respect to the direction of the line defects the fan-out streak
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pattern was symmetric and reached a maximum intensity; when the electron beam was
oriented along the line defects (for angles 0° and 90°) only simple straight streaks were
present, see Fig. 4.18(c). The rectangular network of line defects on the surface was
caused by the nucleation and glide of misfit dislocation half-loops entering the crystal
surface during the film growth in order to compensate for the lattice mismatch (see

details in reference [2]).
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Figure 4.18: Growth studies of Au on a Pd/Fe/GaAs(001) template. (a) shows the
RHEED specular spot intensity oscillations that indicate a quasi layer by layer growth.
(b) The RHEED diffraction pattern for Pd(001). The electron beam was oriented along
the [110] crystallographic direction of the GaAs(001) substrate. The split RHEED
streaks indicate that the surface contains rectangular inhomogeneities having a peri-
odicity much larger than the lattice spacing. A X2 reconstruction of the Au surface is
observed along the [110] direction of the GaAs(001) substrate. (¢) The RHEED diffrac-
tion pattern obtained with the electron beam oriented along the [100] crystallographic
direction of the GaAs(001) substrate. Strong X5 reconstruction was observed in this
case.

From the RHEED patterns shown in Fig. 4.18 it can be concluded that the sur-
face of the 40Au/11Pd/10Fe/GaAs(001) structure consists of a network of line defects
that are oriented along the (110) crystallographic directions of the Au(001). The pres-
ence of line defects is further confirmed by STM studies, see Fig. 4.19(b). The line
defects oriented along the (110) 4, crystallographic directions in this 300X300 nm? im-
age are indicated by the white arrows. Fig. 4.19(a) shows a magnified image of the
40Au/11Pd/10Fe/GaAs(001) surface. This surface is qualitatively different from that of
the Au/Fe/GaAs(001) surface shown in Fig. 4.3. One can see that round terraces are sub-

stituted by rectangular terraces. Subatomic resolution images, see inset in Fig. 4.19(a),
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indicate that the Au surface exhibits a 5X1 reconstruction, contrary to the 2X2 Au re-
construction observed for the Au/Fe/GaAs(001) surface. The 5X1 Au reconstruction is
confirmed by the RHEED diffraction pattern, shown in Fig. 4.18(c). However a part of
the Au/Pd/Fe/GaAs(001) surface shows structures characteristic of the 2X2 Au recon-
struction. The 5X1 reconstruction is typical of a clean Au(001) surface. This suggests

that the surfactant As is segregated into the 2X2 reconstructed areas leaving the rest of

the Au/Pd/Fe/GaAs(001) surface clear of As.

a) 5XI 2X2

Figure 4.19: STM studies of a Au/Pd/Fe/GaAs(001) specimen. (a) A high resolution
STM image showing that the Au surface consists of two different areas: 5X1 recon-
structed areas have no surfactant As and occupying 80% of the surface plus 2X2 recon-
structed areas covered by surfactant As atoms. The inset shows a subatomic resolution
of the 5X1 reconstructed surface. (b) A 300X300 nm STM image of the same surface. On
this scale one can observe linear defects propagating in perpendicular directions ((110) 4,
or (100)gaas); these are marked by the white arrows. These defects are attributed to
glide planes of misfit dislocations originating in the Pd layer due to the Pd/Fe and Au/Pd
lattice mismatches.

The magnetic anisotropies observed for the 7Fe and 10Fe layers in the

20Au/7Fe/40Au/11Pd/10Fe/GaAs(001) and reference

20Au/7Fe/40Au/10Fe/GaAs samples were similar. A striking difference was observed
in the magnetic damping between the sample containing the Pd layer and the sample
containing no Pd. The Fe layers in the 20Au/7Fe/40Au/10Fe/GaAs reference sample
exhibited only Gilbert damping enhanced by the spin-pump/spin-sink mechanism. The
FMR linewidth in the 20Au/7Fe/40Au/11Pd/10Fe/GaAs sample was different quali-
tatively and quantitatively. In this sample the FMR linewidth for the 7Fe layer was
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strongly dependent on the angle between the magnetization and the crystallographic
[100]Fe axes, and showed a distinct four-fold symmetry, see Fig. 4.20(a). The minima in
AH were observed when the applied magnetic field was oriented along the (110) crys-
tallographic directions in the Fe, and the maxima in AH were observed when the field

was oriented along the (100) crystallographic directions of Fe.
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Figure 4.20: (a) In plane angular dependence of the FMR linewidth observed for the
7Fe film in the 20Au/7Fe/40Au/11Pd/10Fe/GaAs structure. The FMR linewidth at
24 GHz (W), 36 GHz (o), and 74 GHz (%). A large sinusoidal like angular dependence
on the magnetic field orientation was observed. The narrowest lines occurred when the
magnetic field was oriented along the (110) directions of the Fe and the widest lines
were observed when the field was directed along the (100) crystallographic directions of
Fe. (b) Out of plane angular dependence of the FMR linewidth at 24 Ghz. The angle
0 was measured between the applied magnetic field and the film surface. The angle
0 =0° corresponds to the in-plane[110] crystallographic direction. The angle 6 =90°
corresponds to the perpendicular direction. The external field was rotated in the (110)
plane. Note that the FMR linewidth for the perpendicular orientation of the magnetic
field is slightly narrower than that for the in-plane orientation of the magnetic field.
Vertical dashed lines indicate major crystallographic directions.

The dependence of the FMR linewidth on the angle  between the dc magnetic field
and the sample normal is shown in Fig. 4.20(b). The data in Fig. 4.20(b) show that
the damping decreases significantly in the vicinity of the perpendicular configuration.
In fact, the measured AH in the perpendicular configuration at 10 and 24 GHz was
given exactly by the intrinsic damping. The intrinsic values were obtained from the
measurements on the reference sample. All these features indicate that the sample
20Au/7Fe/40Au/11Pd/10Fe/GaAs(001) was affected by a strong extrinsic damping that
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can be described by an angular dependent two magnon scattering mechanism (see page
99).

Interestingly the narrowest linewidth AH in the in-plane FMR configuration at
24 GHz was only 10 Oe wider than the linewidth observed for the perpendicular config-
uration. This means that the part of the extrinsic damping independent of angle was
small compared with the angular dependent part which exhibited a maximum linewidth

of 420 Oe of extrinsic damping.
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Figure 4.21: Frequency dependence of the in-plane FMR linewidth in the 7Fe film lo-
cated in the 20Au/7Fe/40Au/11Pd/10Fe/GaAs(001) structure. (a) The magnetization
oriented along the [100] crystallographic axis. The data points are shown using a x. A
clear deviation from linear behavior is observed for frequencies greater than 24 GHz.The
e points correspond to the linewidths at 10 and at24 GHz when the magnetic field is
directed along the film normal. The o points show the in-plane FMR linewidth mea-
sured in the 7TFe film located in the reference 20Au/7Fe/40Au/10Fe/GaAs(001) sample
(free of extrinsic damping). (b) The magnetizatization oriented along the [110] crys-
tallographic direction. A linear dependence on frequency is observed with a zero fre-
quency offset which can be attributed to long wavelength inhomogeneities in the 7Fe
film. The e points show the perpendicular FMR linewidths at 10 and 24 GHz. The
o points show the in-plane FMR linewidth measured in the 7Fe film located in the
reference 20Au/7Fe/40Au/10Fe/GaAs(001) sample. Linewidth measurements on the
20Au/7Fe/40Au/10Fe/GaAs(001) sample have shown that there is little or no extrinsic
contribution.

The FMR linewidth also varied with the microwave frequency in a very profound
way. The frequency dependence of the FMR linewidth, AH (f), when the magnetic field
was directed along the [100]r, and [110]z. directions is shown in Fig. 4.21. When the
field was directed along the [110] g, direction (see Fig. 4.21(b)), the FMR linewidth was
nearly linearly dependent on the microwave frequency over the interval 10 to 73 GHz,

but was accompanied by a zero frequency offset AH(0) = 50 Oe. This appreciable zero
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frequency offset can be explained by long range inhomogeneities in the very thin 7Fe
layer, as discussed in section 4.3.3. Small variations in the film thickness change the
interface anisotropy fields. A simple estimate shows that variations in the thickness of
the 7TFe as small as 0.1 atomic layer can explain the observed zero frequency offset.

However, the slope of the AH(f) vs frequency variation is nearly equal to the intrinsic

a) 350 T L T T T — T T L b)
] .
300 4 200 -
250 g °
] ] 150
Q2oo- O
c | e
- -—
S 150 B 100
= ] =
O D
£ 100 £
— i —1 504
50
0 T T T T T T T O T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Frequency, GHz Frequency, GHz

Figure 4.22: Frequency dependence of the FMR linewidth observed for
the 10Fe film. This film was grown on GaAs(001) as a part of the
20Au/7Fe/40Au/11Pd/10Fe/GaAs(001) structure. (a) The measured in-plane FMR
linewidth as a function of frequency with the magnetization oriented along the [100]
crystallographic axis. The data are shown by the x symbols. A clear deviation from
linear behavior is observed for frequencies greater than 24 GHz. The strength of the
non-Gilbert contribution to the FMR linewidth is much weaker than that observed in
the 7Fe film, compare with Fig. 4.21. (b) FMR linewidth vs frequency with the mag-
netization directed along the [110] crystallographic direction. The data points follow
a linear dependence on the microwave frequency with a zero frequency offset that can
be attributed to sample inhomogeneities. In both graphs the results of measurements
on the reference sample are shown. The B symbols show the FMR linewidth in the
perpendicular orientation for 10 and 24 GHz. The o symbols show the in-plane FMR
linewidths measured for the 10Fe film when the magnetic field was directed along the
[100] and [110] crystallographic directions: the 10Fe film was located in the reference
20Au/7Fe/40Au/10Fe/GaAs(001) sample which was free of misfit dislocation defects
and extrinsic damping.

Gilbert damping (including spin-pumping) obtained for the reference sample which has
little or no extrinsic damping: see the o on the same graph. The AH (f) dependence was
quite different when the field was oriented along the [100] s, orientation, see Fig. 4.21(a).
AH(f) can not be described by a simple linear function of the frequency. However, the
slope of AH(f) for frequencies greater than 36 GHz is nearly equal to the slope expected

for intrinsic Gilbert damping. But the extrapolation of this slope to zero frequency
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results in an appreciable offset of AH(0) = 480 Oe. For frequencies less than 36 GHz
the frequency dependence of AH(f) shows a clear concave curvature. For frequencies
less than 20 GHz AH(f) can be approximated by a linear dependence on the frequency
corresponding to an effective damping parameter a.ss almost 10 times larger than that
observed for the reference sample.

Extrinsic damping was also present in the 10Fe layer located in the
20Au/7Fe/40Au/11Pd/10Fe/GaAs(001) structure but it was significantly weaker than
that observed in the 7Fe film grown directly on Au/Pd/Fe/GaAs. Otherwise the main
characteristic features were maintained, see Fig.4.22. The formation of magnetic de-
fects was not fully developed in the 10Fe layer. Previous studies have shown that
the full strength of this extrinsic damping is achieved by means of a thick Pd cover
layer (more than 130 atomic layers) or by a combination of a thin Pd layer (more
than 9 atomic layers) covered by a thick Au layer (more than 70 atomic layers); e.g.
90Au/9Pd/16Fe/GaAs(001) or 200Pd/30Fe/GaAs(001) [112]. In our studies a thinner
combination of Au/Pd layers was used. This implies that the strain induced in the
20Au/7Fe/40Au/11Pd/10Fe/GaAs film was not sufficient to enable full propagation of
misfit dislocation glide planes through the 10Fe layer. On the other hand the 7Fe layer

deposited on the Pd template incorporated the dislocation network immediately.

Two-magnon scattering The extrinsic contribution to the FMR linewidth described
above can be explained by a two magnon scattering mechanism. A uniform magnon,
q = 0, driven by the rf field at FMR scatters into a ¢ # 0 magnon. Energy conserva-
tion requires that the scattered magnon have the same energy as the uniform resonant
magnon. However momentum conservation, conservation of the ¢ wave vector, is not re-
quired due to the loss of translational invariance. The two-magnon scattering mechanism
was proposed in the 1960’s to explain extrinsic FMR line broadening in YIG spheres [115].
The same mechanism was successfully used to describe the extrinsic damping mechanism
in ferrites [116, 117, 118, 119, 120] and in metallic films [121].

The two magnon scattering matrix is proportional to components of the Fourier

transform of magnetic inhomogeneities
Alq) = / AU () exp=" dr (4.9)

where AU(7) stands symbolically for variations of the local magnetic anisotropy energy.
In ultrathin films the magnon q vectors are confined to the film plane (i.e. ¢ = qy).
Recently, Arias and Mills [122] introduced a theory of two-magnon scattering that

applies to ultrathin films. For an in-plane magnetization oriented along the external
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field direction, and neglecting magnetocrystalline anisotropies, the spin wave manifold

has the form:

2
(ﬁ> = [H + 47 M.;p — 2rMyqd + Dg?] x [H + 2rM,qdsin &z + Dg?],  (4.10)
f)/

where ¢ is the wavevector of the scattered magnon , 17 is the angle between the magne-
24

tization direction and the spin-wave wavevector ¢, and D = 7. is the exchange stiffness
parameter. The FMR mode corresponds to ¢ =0. The third term of the first bracket on
the left hand side of eq. 4.10 is negative and proportional to ¢, and therefore it lowers
the resonance frequency for magnons with ¢ > 0. For large g vectors, the fourth term in
the same bracket increases the magnon energy and is due to the exchange field, and the
magnon dispersion curve crosses the energy of the homogeneous precession of the magne-
tization at a magnon wave vector gge,(1z). This means that the homogenous FMR mode
is degenerate with the gge4(1)7) mode and can be involved in two-magnon scattering. A
mathematical analysis of the spin-wave manifold shows that ¢ of the degenerate mode
decreases with increasing 1¢; and disappears for a critical ¢z,. In the two dimensional
plane (¢, q,) the degenerate modes form lobes, see Fig. 4.23. A more general theory
which includes out of plane orientations of the magnetization can be found in [112] and
results in the conclusion that there are no degenerate modes when the film magnetization
is oriented normal to the film plane (the perpendicular FMR configuration) .

The Arias and Mills theory is based on a Green’s response function formalism using a

continuous distribution of the magnetization [123]. It shows that two magnon scattering

enters the denominator of the transverse rf susceptibility as an additional energy term
R:
X' = ZMSB ) (4.11)
BegpH — (2£2) 4 i(H + B)a®=2 + R

where B,y = H + 47 M.ss;. The anisotropy terms are for simplicity neglected. The real
part, Re(R), leads to a shift in the FMR field and the imaginary part Im(R) provides ad-
ditional damping. Both contributions must satisfy the symmetry of the magnetic defects.
The static properties measured using FMR can have a frequency dependent part due to
the presence of the term Re(R). For samples subject to extrinsic damping the static and
dynamic measurements do not, in principle, have to provide equal magnetic anisotropies,
however differences are usually small especially at low microwave frequencies.

The strength of the two-magnon scattering varies as the static magnetization changes
its orientation with respect to the in-plane crystallographic axes and is given by the

imaginary part of R, Im(R). The imaginary part of the two-magnon contribution to the
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susceptibility is proportional to the square of the Fourier components that describe the

magnetic scattering potential:

wﬂcr
! qody
m(R) ~2 [ " o) gl (412)
o CEC

where ¢, is the angle between the spin-wave wavevector ¢ and the magnetization vector,

@ is the angle between the dc magnetization and the [100] crystallographic axis, and

I(qo, ¢4, o) is the square of the strength of the two-magnon scattering potential.

Qy

9] 73 GHz

Figure 4.23: The solid lines represent the variation at 24 and 73 GHz of the magnon
wave-vectors calculated from Eq. 4.10 for the case in which the applied magnetic field and
the magnetization are directed along the Fe[110] crystallographic direction. These two-
magnon scattering lobes are superimposed on the magnetic scattering intensity shown
using shades of grey as a background and obtained from Eq. 4.13. The white color
represents the strongest scattering intensity and grey - the weakest scattering intensity.
Note that the orientation of the lobes (magnetization) affects the angular dependence
of the FMR linewidth caused by the misfit dislocation network. Integration over the
constant frequency lobes when the lobes are oriented along the [110]Fe directions yields
a weaker two magnon scattering contribution than when the lobes are oriented along the
[100]Fe directions.

Features of the experimental linewidth can be well reproduced by assuming that

I(qo, ¢q, o) has the following form:

1(qo, 9q, ©a1) ~ cos®(2pnr)cos*(2¢,), (4.13)

where the first term represents the magnetic symmetry of the defects and the second
term represents the lattice defect symmetry. The lattice line defects result in local

uniaxial magnetic anisotropies having the anisotropy axes parallel to the dislocation
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lines. This means that the two-magnon scattering intensity has an explicit dependence
on the direction of the magnetization with respect to the symmetry axes of the magnetic
defects. Since these symmetry axes are parallel with the crystallographic axes this term
satisfies the requirements of the lattice symmetry. It is important to realize that the local
uniaxial anisotropy contribution vanishes when the magnetization is oriented 45° away
from its axis. The dislocation glide planes propagate along the < 100 > directions of the
Fe. Two magnon scattering is absent in this case when the magnetization is parallel to the
< 110 > directions. The Fourier components of the scattering intensity are the product of
two parts. One part is explicitly dependent on the angle ¢, between the magnetization
and the crystallographic axes, and the second part is purely structural and depends
explicitly on the distribution of the lattice defects with respect to the crystallographic
axes. One can then represent the contribution of two magnon scattering to the damping
as a walking path along the lobes in the orography of the Fourier components of the
scattering intensities. Lindner et al. [124] observed an anisotropic extrinsic damping
(measured along the [100] and [110] axes) for FeV superlattices. They used the Arrias-
Mills theory to interpret their results. They were, in this way, able to understand
the frequency dependent FMR linewith. Since the Arrias-Mills theory is isotropic they
postulated an additional angular term cos®(2p5,), see 4.13. The origin of their proposed
angular dependence is unknown but it is perhaps related to atomic steps on the film

surfaces. However no explicit structural details were discussed.



Chapter 5

Spin currents in magnetic trilayer

structures

The purpose of this chapter is to extend the study of spin pump/sink effects in magnetic
multilayers to the case of a thick normal metal spacer, NM. The chapter will cover the
following topics: (a) Diffusion of spin momentum across the NM layer. (b) Exchange of
spin momentum in Au/Fe/Ag/Fe/GaAs(001) structures (c) Interference and the phase
of spin currents. (d) Spin currents in non-collinear configurations of the Fe magnetic

moments.

5.1 Diffusive spin momentum transfer

In magnetic F1/NM/F2 double layer structures the spin current generated at the F1/NM
interface leads to an accumulated spin density my,; inside the NM spacer layer. Prop-
agation of the spin momentum density across the NM spacer then leads to a dynamic
exchange coupling between the magnetic layers. For thick NM layers one has to include a
relaxation process that removes the magnetic angular momentum from the spin current.
This is, in principle, a nontrivial problem. At this point one is able to treat quantita-
tively only the spin ballistic and spin diffuse limits. In reality the experimental studies
have been carried out continuously for cases ranging from the ballistic to the diffuse
limits. Theorists are presently working on the formulation of non-local spin dependent
Boltzmann’s equations. This theory is not yet available. In this thesis a pragmatic ap-
proach was taken. Diffusion equations with the appropriate boundary conditions will be
used to describe the NM measurements from the ballistic to the purely diffuse limits.

The accumulated magnetic momentum density my,;, created by spin current Im (at

103
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F1/NM interface), in the NM is described by a diffusion equation:

aQIﬁNM 1
- 5.1
81'2 TsmeM ’ ( )

iwrﬁNM =D

where w is the angular frequency, 7, is the spin flip relaxation time, x is the coordinate
in the direction perpendicular to the interface, D = v%,,/3 is the diffusion coefficient,
and 7, is the electron momentum relaxation time constant [125]. The diffusion Eq. 5.1

determines the spin diffusion length d,4 in the NM. For 1/75f > w d,4 is given by
5sd = (DTSf>O'5 . (52)

The solution of Eq. 5.1 requires boundary conditions. For the F/NM (spinpumping)

interface the boundary condition is [125]

ox

jm — 0.50ptHNy = —D (5.3)

where vp is the Fermi velocity For the outer interface, in a single F/NM magnetic layer
structure, a free magnetic moment condition (full spin current reflection) was used.
Oniy
Ox
For a magnetic F1/NM/F2 double layer structure the boundary condition at the F1/NM
interface is equivalent to Eq. 5.3. The boundary condition at the NM/F2 (spin sink)
interface is [125]

~0. (5.4)

oy
ox
The boundary conditions of Eq. 5.5 are valid for the case when the layer F2 is off

resonance and therefore contributes negligibly to spin pumping. The coefficient 0.5
corresponds to the effective transmission coefficient from the NM to the F layers and is
given by Eq. (13) in [125]. The right hand side of Eq. 5.5 represents the magnetic current
flowing from the NM into F2 and acts as a driving torque for the magnetic moment in
F2. When both layers are in resonance the boundary condition 5.5 is modified by the
spin current created at the F2/NM interface:

_ Omyy

ox

= 0.5vpmiy,, — 0.5vpmy,, - (5.6)

where mY;,,; and m%,, are the accumulated magnetic momentum densities due to spin

currents created at F1/NM and F2/NM, respectively.
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5.2 Exchange of spin momentum in

Au/Fe/Ag/Fe/GaAs films

The accumulated spin density in the NM is transported by itinerant electrons. The mo-
tion of the itinerant electrons in the NM is affected by momentum scattering (leading to
resistance) and spin flip scattering (leading to loss of spin momentum). The momentum
scattering also leads to diffusion. The spin flip scattering in cubic normal metals is caused
by a weak spin orbit coupling. This means that only some momentum scattering is ac-
companied by a spin flip event [23] and therefore 7,5 > 7,,,. The spin diffusion length ds,
determines the length scale for spin momentum decay. For spacers significantly thinner
than d, the loss of spin momentum is negligible and the spin current propagation can be
considered to be nearly in the spin ballistic regime. The spin diffusion length in Ag at RT
is expected to be &~ 150 nm in single crystalline Ag [126]. The role of spin currents on the
interface Gilbert damping was investigated using a 20Au/12Fe/300Ag/16Fe/GaAs(001)
structure, where the integers represent the number of atomic layers. The thickness of
the Ag spacer in this structure was approximately 60 nm and therefore the spin current

in this structure was expected to be only weakly affected by spin diffusion.

5.2.1 Static magnetic properties

The magnetic anisotropies for the 20Au/12Fe/300Ag/16Fe/GaAs(001) structure were
obtained by means of standard FMR measurements [77]. The in-plane FMR measure-
ments at 24 GHz as a function of the angle of the dc magnetic field, see Fig. 5.1(a),
resulted in the following magnetic parameters: The bottom 16Fe layer grown on
GaAs(001): an in-plane uniaxial anisotropy energy K, = -4.45x10° erg/cm? with the
hard magnetic axis along the [110] crystallographic orientation of the GaAs(001), an
in-plane four fold anisotropy energy K; = 2.65x10° erg/cm?®; and an effective demag-
netizing field 47M.fp= 15.96 kG. The top 12Fe film grown on the Ag(001) layer:
K, = 3.67x10° erg/cm?®, K, = 8.3x10% erg/cm?® with the easy magnetic axis along the
[110]Gaas, and 47 M. ¢y = 14.65 kG. The 16Fe layer has a large in-plane uniaxial magnetic
crystalline anisotropy. The interface uniaxial anisotropy in the 16Fe/GaAs(001) layer is
inversely proportional to the Fe layer thickness [34]. This interface uniaxial anisotropy
separated the resonance fields for the 16Fe and 12Fe layers except for a narrow angular
region of the in-plane applied field where an accidental crossover of the resonance fields

occurred.
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Figure 5.1: FMR studies at 24 GHz using a 20Au/12Fe/300Ag/16Fe/GaAs(001) spec-
imen. The sample is inserted into a microwave cavity which provides parallel and sym-
metric driving rf fields for the 12Fe and the 16Fe films. (a) The FMR peak position as
a function of the angle of the in-plane magnetic field with respect to the [100] crystallo-
graphic axis of GaAs. The B and * points correspond to 12Fe and 16Fe, respectively.
Dashed verical lines indicate major crystallogrphic direcions of GaAs (b)The FMR signal
with the external field oriented along the [110] axis. The FMR signals of the two layers
are well separated in magnetic field strength. (c) The FMR signal at the accidental
crossover of the 12Fe and 16Fe FMR fields. The dashed and dotted lines represent
fits of the individual film resonances to the field derivatives of Lorentzian lines. The
resulting full fit of the data with the sum of two Lorentzian derivatives is shown by the
solid line.
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5.2.2 Dynamic magnetic properties

The role of spin diffusion in the 20Au/12Fe/300Ag/16Fe/GaAs(001) specimen was tested
by means of 20Au/5Ag/16Fe/GaAs(001) and 20Au/300Ag/16Fe/GaAs(001) samples.
The magnetic damping parameter « of the 16Fe film in the 20Au/5Ag/16Fe/GaAs(001)
was mainly due to intrinsic bulk Gilbert damping. FMR measurements at 24 GHz re-
sulted in @ = 4.5x107% (AH = 37 Oe). The FMR linewidth in the 20Au/300Ag/16Fe/GaAs
specimen was increased to AH = 45 Oe showing already a spin momentum loss in the
Ag spacer due to spin diffusion. Self consistent solution of Eqgs. 2.63 and 5.1 allowed one
to estimate the diffusion parameters. The following parameters were required to fit the
FMR linewidths for the above sample: 75, = 60x107* s, 7,,, = 5x107* s and the spin
diffusion length 6, = 150 nm. The spin mixing conductance g;; = 2.4 x 10'° was
taken from Fe/Au/Fe/GaAs(001) studies [34]. The mixing conductance gy, is given by
the the number of transverse spin channels [. Since the Fermi surfaces in Au and Ag are
very similar one can assume that g;; in Ag and Au are almost the same.

The same set of parameters was able to explain the FMR linewidth, AH = 64 Oe, for
the 16Fe film in the magnetic 20Au/12Fe/300Ag/16Fe/GaAs(001) double layer structure
when the FMR resonances were well separated, see Fig. 5.1(b). Surprisingly the 16Fe
layer exhibited a larger FMR linewidth than the 12Fe film (AH = 55 Oe). This seemingly
contradicts the 1/d dependence of the spin pumping contribution. However the total
FMR linewidth is given by the sum of the bulk Gilbert and interface spin pumping
contributions. The spin pumping contribution is a symmetric effect for the two Fe films
and thus should scale with thickness like 1/d. In order to explain the FMR linewidth
in 12Fe one has to assume that the intrinsic Gilbert damping in 12Fe is smaller than
that in 16Fe. In the 12Fe layer the bulk Gilbert damping parameter a = 2.5 x 1073,
While for the 16Fe film the Gilbert damping parameter o« = 4.5 x 1073. This result
is not unexpected considering our recent studies of the intrinsic Gilbert damping in
single Fe layer structures (20Au/nFe/GaAs(001)). In these structures the spin pumping
contribution was negligible compared to the intrinsic Gilbert damping. We found that
the Gilbert damping in these Fe films makes a significant 1/d contribution to the FMR
linewidth, see Section 4.3. In this case the observed 1/d dependence is not due to
spin pumping but is caused by spin orbit relaxation processes confined to the Fe/GaAs
interface. The smaller damping observed for Fe films grown on the Ag template indicated
that the intrinsic 1/d contribution to the Gilbert damping is much smaller than that
found for Fe grown on a GaAs(001) substrate. It is interesting to note that a small

value of the intrinsic Gilbert damping was also found in Fe ultrathin films grown on a
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Ag single crystal template [127].

Fig. 5.1(b) shows the FMR signal for FMR peaks that are well separated in magnetic
field (external field is applied along [110]geas direction). Fig. 5.1(c) shows the FMR
signal at an accidental crossover of the FMR fields, see Fig. 5.1(a). At the crossover
field the spin pumping contributions to the magnetic damping are nearly cancelled out
by the spin-sink contributions; the FMR linewidths drop to 17 Oe and 14 Oe for 16Fe
and 12Fe, respectively.

5.2.3 Spin sink contribution

The spin pump/spin sink effect leads to a redistribution of the rf magnetic moments
inside magnetic double layers. The spin pump effect leads to a loss of spin momentum
while the spin sink effect leads to a gain of spin momentum. E.g. the spin momentum
received by the layer F1 in a F1/NM/F2 structure can be treated like an extra driving
field which is proportional to the time derivative of the rf magnetization vector in the
F2 layer. The spin sink driving is significantly enhanced when the F2 layer undergoes
an FMR resonance. When the FMR fields of the two layers were well separated the
contribution of the spin sink effect was non-observable. The spin sink contribution is
small and it is completely overshadowed by the torque due to the rf driving field. It is
only in the vicinity of the FMR crossover field that the spin sink contribution to the
FMR linewidth can be significant.
Figure 5.2 shows the FMR spectrum of the

20Au/12Fe/300Ag/16Fe/GaAs(001) sample for fields near (but not at) the field corre-
sponding to the crossover of the FMR resonance fields. A computer simulated FMR line
is shown by the solid curve in Fig. 5.2(a). It includes the spin pump/spin sink effect and
the resulting line is in a reasonable agreement with the experimentally observed FMR
line, see Fig. 5.2(b). From these simulations one is able to obtain the contributions
from the individual layers, and these are indicated by the dashed and dotted lines in
Fig. 5.2(a). Note that the individual contributions are not simple symmetric derivatives
of a Lorentzian absorption peak. For the top 12Fe layer one can observe a bump at the
resonance position corresponding to the 16Fe layer and for the 16Fe layer one observes
a dip at the position corresponding to the resonance position for the top 12Fe layer.
The shape of these additional absorption features (dip and bump) follows the double

92M
OtoH

sink contribution. In fact the spin sink contribution leads to a wide and asymmetric

derivative of the magnetization where the time derivative comes from the spin
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Figure 5.2: 24 GHz FMR absorbtion spectra near the applied field corre-
sponding to an accidental crossover of the two FMR peak positions for the
20Au/12Fe/300Ag/16Fe/GaAs(001) sample. (a) Computer simulations of the FMR
absorption lines. The total FMR absorption line is shown by the solid curve, the dashed
line shows the contribution from the top 12Fe layer and the dotted line shows the contri-
bution from the bottom 16Fe layer. The individual lines have an asymmetrical shape due
to off resonance driving by the spin sink mechanism. In the vicinity of the crossover the
spin sink contribution resulted in a widening of the FMR line. In (b) the experimentally
observed FMR absorption line is shown for applied fields near the FMR, crossover field.
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absorbtion line, which includes an admixture of the absorption and dispersion parts of
the rf susceptibility.

In the following the data analyses were carried out using an admixture of the ab-
sorptive and dispersive parts of the rf susceptibility. The data were fit using the sum of
two admixed resonance lines representing the two Fe layers in a magnetic double layer

structure.

5.2.4 Angular dependence of FMR linewidth

In Fig. 5.3(a) the angular dependence of the FMR linewidth is shown for the 12Fe film
and the 16Fe film in the 20Au/12Fe/300Ag/16Fe/GaAs(001) sample. Only a narrow
angular range in the vicinity of the FMR crossover is shown. The experimental ab-
sorption line for each angle of the external applied field was treated as a superposition
of two asymmetric Lorentzians. Far away from the crossover the FMR linewidth was
enhanced by the spin pump mechanism. At the crossover the FMR linewidth of both
layers dropped due to a compensation of the spin pump contribution by the spin sink
contribution. Furthermore, very close to the crossover field the FMR linewidth of the
16Fe film (notice, it reveals a wider line than that of the 12Fe film) increases before it
drops to its minimum value. This is again due to off resonance spin sink contributions.
Simulations shown in Fig. 5.3(b) reproduce fairly well all characteristic features of the
experimental data. One can notice that the experimental linewidth is somewhat larger
than the linewidth calculated using the simulations. This can be attributed to an addi-
tional small contribution from two magnon scattering, which is present for certain angles
of the applied field in the samples with thick spacer layers. Two magnon scattering was
not included in the simulations. The intrinsic damping and the strength of the spin
pump/sink mechanism were obtained from the narrowest FMR lines, thus avoiding the
two magnon contribution, for FMR fields far away from the crossover.

In figure 5.3(c) an analysis of the calculated FMR lines were carried out differently.
The analyses were carried out assuming that each line consisted of two parts. One
part represents the derivative of the main symmetric Lorentzian peak driven by the rf
field. The second part represents the derivative of the satellite dispersion-like Lorentzian
resonance peak driven by the spin sink mechanism (cf. 5.2). With this procedure one
was able to obtain a perfect fit to the calculated FMR lines, see Fig. 5.3(c). No widening
of the FMR absorption line was observed very close to the crossover, compare Fig. 5.3

(a) and (c). Not surprisingly adding the spin sink contribution represented the overall
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Figure 5.3: (a) FMR linewidth at 24 GHz as a function of the angle of the applied external
field in a narrow angular range around angle corresponding to the accidental crossover
of the FMR peak positions for the 20Au/12Fe/300Ag/16Fe/GaAs(001) sample. * and
B show the experimental linewidths for the 16Fe film and the 12Fe film, respectively.
The FMR absorption lines narrowed significantly at the crossover angle. The FMR
linewidth for the 16Fe film decreased by an amount corresponding to the spin pump
contribution. At the crossover angle the spin pump contribution is compensated by
the spin sink contribution. The FMR linewidth for the 12Fe layer decreased by less
than its spin pump contribution. The solid horizontal lines show the FMR linewidths
corresponding to intrinsic Gilbert damping. (b) Simulations of FMR linewidths using
spin pump/spin sink theory. The FMR linewidth is shown in a narrow angular range
around the crossover angle. Computer simulations and the experimental data were fit
using two Lorentzian resonances which included an admixture of the absorptive and
dispersive parts of the Lorentzian resonance peak. (¢) Theoretical linewidths calculated
as a function of the angle around the angle corresponding to FMR crossover. The fitting
of the calculated FMR line was carried out assuming that each line consisted of the
main symmetric Lorentzian peak corresponding to the main resonance driven by the rf
field and a satellite dispersion-like Lorentzian peak which was driven by the spin sink
mechanism (cf. 5.2). Notice that no increase in the FMR linewidth is observed. This
is a more physical way to interpret the data. Simulations were carried out using a
theory which self-consistently accounted for spin relaxation and spin diffusion processes
together with spin pump/spin sink mechanism. The following relaxation parameters
were required to fit the FMR linewidths for the above simulations: 75y = 60x107* s,
T = 5x107' s and the spin mixing conductance g;; = 2.4 x 10'5. The corresponding
spin diffusion length in Ag was found to be dsy = 150 nm.
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behavior of the rf susceptibility very well for angles near the crossover angle.

5.3 Phase of spin currents

The spin pump and spin sink contributions are dependent on the phase of the rf preces-
sion [128]. Omne can check this point by using antiparallel rf driving fields as shown in
Fig. 5.4. This is a particularly interesting limit because one expects that the spin pump
and spin sink contributions should add at each interface compared with symmetric rf

driving for which they should subtract.

5.3.1 Antiparallel driving experiment

Antiparallel driving can be achieved by using the sample as part of a transmission line.
For a thick spacer the rf magnetic fields in the ultrathin 12Fe and 16Fe films are antipar-
allel, see Fig. 5.4. A 20Au/12Fe/250Ag/16Fe/GaAs(001) structure was patterned onto
a co-planar transmission line having a 30 pum thick central conductor. The waveguide
was patterned from a continuous 20Au/12Fe/250Ag/16Fe film using optical lithogra-
phy. A detailed description of the patterning procedure can be found in Appendix A.1.
Subsequently Argon ion bombardment was used to remove the rest of the metallic film

from the semi insulating GaAs substrate. Microwave power sent through this co-planar

-F1
-F2

‘s

Figure 5.4: Schematic configuration of the FMR experiment using antiparallel rf
magnetic field driving. The co-planar transmission line was patterned from a
20Au/12Fe/250Ag/16Fe(001) film grown on a GaAs(001) wafer. Patterning was carried

out using optical lithography. The elliptical lines show the direction of the rf driving
fields.

wavequide created nearly antiparallel rf magnetic fields in the 12Fe and 16Fe layers. This
led to a m phase shift of the corresponding spin currents generated by the spin pumping.
This produced a pronounced effect at angles and fields near those corresponding to an
accidental crossover of the two resonance fields.

The patterned co-planar wavequide was positioned inside a dc magnet whose mag-

netic field was allowed to rotate in the film plane. The angular dependence of the FMR
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Figure 5.5: Antiparallel rf magnetic field driving. FMR studies at 20 GHz using a
20Au/12Fe/250Ag/16Fe/GaAs(001) specimen. The sample was a part of a coplanar
transmission line which provided antiparallel rf driving fields for the 12Fe and 16Fe
films.(a) FMR fields in 20Au/12Fe/250Ag/16Fe/GaAs as a function of the angle of
the in-plane magnetic field with respect to the [100]gqas crystallographic axis. The B
and % points correspond to 16Fe and 12Fe, respectively. (b)The FMR linewidth as a
function of the angle of the applied external field in a narrow range around the angle
corresponding to an accidental crossover of the two FMR peak positions observed for
the 20Au/12Fe/250Ag/16Fe/GaAs(001) sample. The 0° corresponds to the angle where
the accidental crossover occurs. The x and B show experimental linewidths oberved for
the 16Fe film and the 12Fe film respectively. At the crossover the narrower FMR line
followed the 12Fe layer and the B points. Solid and dashed lines show the linewidth
obtained from simulations which self-consistently accounted for spin relaxation and spin
diffusion processes together with the spin pump/spin sink mechanisms. The following
relaxation parameters were required to fit the FMR linewidths: 7, 60x10~ s,
T = 5x107" s and the spin mixing conductance g;; = 2.4 x 10'5. The corresponding
spin diffusion length in Ag was found to be 654 = 150 nm. (c¢) The FMR signal with the
external field applied along the [110]gq4s axis. In this case the FMR fields are separated
by a large margin. (d) The FMR signal at an accidental crossover of the resonance fields.
The dashed and dotted lines were obtained by fitting the data with the field derivatives
of two Lorentzian lines. The solid line shows the fit obtained using Eq. 3.8.
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was obtained by measuring the microwave transmission signal using a special microwave
setup: a network analyzer was used as a frequency generator whose output signal was
sent through a sample that was patterned onto a transmission line. A regular diode was
used to analyze the microwave transmission signal. This setup provided an especially
large signal to noise ratio due to a large filling factor achieved by patterning the sample
onto the transmission line, see Appendix A.1. The results of FMR measurements at
20 GHz are shown in Fig. 5.5(a). Fig. 5.5(c) shows the FMR signal for the case in which
the resonance fields for the 16Fe film and the 12Fe film were well separated (external
field is applied along [110]¢eas direction). The FMR linewidths of 56 Oe and 50 Oe were
obtained for the 16Fe film and the 12Fe film, respectively. The static and dynamic mag-
netic parameters were in good agreement with those obtained from the parallel rf driving
measurements using a microwave cavity. The FMR signal at an accidental crossover is
shown in Fig. 5.5(d). Intuitively one would expect that at the crossover the change in
the phase of the spin sink contribution would lead to an increase of the FMR linewidths
for both Fe layers. However, the experimental data showed that there was no obvious
increase of the FMR linewidth at the accidental crossover. Fitting of the data was car-
ried out using two Lorentzian lines with an admixture of the absorptive and dispersive
parts of a Lorentzian resonance response. The two Lorentzian lines required two differ-
ent linewidths, see Fig. 5.5(b). At the crossover the wide Lorentzian line (AH = 76 Oe)
contributed to ~ 85% and the narrow Lorentzian line (AH = 40 Oe) to 15% of the
total intensity, respectively. Theoretical simulations, using the same magnetic parame-
ters and with the same data processing as in experiment, resulted in a similar angular
dependence of the FMR linewidths, see the solid and dashed lines (theory) and the data
points (from experiment) in Fig. 5.5(b). The observed angular dependence of the FMR
linewidth around the angle corresponding to accidental crossover of the resonance condi-
tions under antiparallel driving of the two magnetic layers is shown in Fig. 5.5(b). Solid
and dashed lines represent the results of the simulations and are in good qualitative
agreement with the experimental data. However, theoretical calculations showed that
the intensity of the narrow line decreased to approximately 1% of the total intensity at
the crossover while in experiment this contribution dropped to only 15% of the total
intensity. This discrepancy may be caused by a small misalignment of the external field
with the crystallographic axes, which would detune the FMR signals of the two films at
an accidental crossover. One has to realize that at the crossover the magnetization is
not parallel with the dc field and consequently the spin pump/spin sink contributions do

not correspond to a collinear geometry. The other possible reason for the discrepancy
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may be related to the microwave field distribution around the signal line of the coplanar
waveguide. It is possible that we do not exactly obtain the condition of antiparallel rf
driving due to the different interfaces involved: GaAs on one side of the signal line and

air on the other side.

5.3.2 Spin sink effect in absorption spectra using antiparallel
driving

The phase of the spin current modifies the FMR absorbtion line. This effect is again
mainly visible in the vicinity of an accidental FMR resonance crossover, see Fig. 5.6.
Antiparallel driving changes the sign of the spin sink contribution compared to that
obtained for the case of parallel driving, see Fig. 5.2. This means that a ”dip” is replaced
by a "bump” and visa versa in the observed spectra. Visually it results in an additional
wiggle between two resonances (cf 5.6(b)).

It is important to realize, that by performing measurements with parallel and an-
tiparallel rf driving fields at the same frequency one is able, in principle, to isolate the
spin sink driven signal. By subtracting the normalized absorption spectra for these two

cases one obtains the double of the signal induced purely by the spin sink mechanism.

5.4 Spin currents in non-collinear configuration of

magnetic moments

In magnetic double layers Au/Fe/Au/Fe/GaAs(001) the anisotropies in the top and
bottom Fe films are different due to a large in-plane uniaxial interface anisotropy at the
Fe/GaAs interface. This question was addressed in Section 4.2.3. The studies reported
in this section were carried out on a 20Au/16Fe/30Au/16Fe/GaAs(001) structure. The
resonant frequencies as a function of the applied field along the hard magnetic axes
([110]gqas) are plotted in Fig. 4.9. The collinear branch of the top 16Fe layer crosses the
non-collinear branch of the bottom 16Fe layer at ~ 600 Oe (7.3 GHz), see Fig. 4.9 and
the inset in Fig. 5.7. The direction of the noncollinear magnetization (bottom 16Fe layer)
was tilted away from the external field by ~ 30° [89, 109]. It follows that the magnetic
moments are also inclined from each other by &~ 30°. In that case the spin current
generated by the top 16Fe film was not entirely transverse to the magnetization of the
bottom 16Fe layer and visa versa. The transverse components of the spin currents are

absorbed at the FM/NM interface, as was shown in studies using a collinear configuration
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Figure 5.6: Antiparallel rf driving fields: FMR absorption spectra for conditions
corresponding to a near accidental crossover of the FMR fields for the case of a
20Au/12Fe/250Ag/16Fe/GaAs(001) sample. (a) Simulated FMR absorption lines at
20GHz. The total FMR absorption is shown by the solid line; the dashed line shows the
contribution from the top 12Fe layer and the dotted line shows the contribution from the
bottom 16Fe layer. The individual lines have an asymmetric shape due to off-resonance
driving by the spin sink mechanism. The spin sink contribution has the opposite sign
from that in the case of homogeneous driving, shown in Fig. 5.2. (b) The FMR signal
observed for antiparallel driving. The applied field is oriented near the angle correspond-
ing to an accidental crossover of the two FMR fields. The spin sink contribution leads
to the two narrowed and slightly separated lines resulting in an additional wiggle in the
middle of the FMR signal. The agreement between theory and the data is good in the
vicinity of the crossover; it is not as good exactly at the crossover.
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of the magnetic moments. In the following paragraph we will investigate what happens

to the parallel component of the spin current, when it reaches the other layer.
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Figure 5.7: The frequency dependence of the FMR linewidth. The (%) corresponds to
the top 16Fe film in a 20Au/16Fe/30Au/16Fe/GaAs structure. The applied field was
oriented along the [110]gqas direction. The upper inset shows a magnified region of f
vs H for fields near the crossover. The lower inset magnifies the region of AH vs f for
frequencies near the crossover.

The frequency dependence of the FMR linewidth (AH(f)) for the top 16Fe is shown
in Fig. 5.7 with the field oriented along the [110]g,as axis. The linewidth is a linear func-
tion of frequency except for microwave frequencies less than 3 GHz; this discrepancy can
be explained by long range inhomogeneities. At the crossover of resonance frequencies
one expects that the spin-pumping contribution to AH should decrease (perhaps even
removed) by exchanging spin currents between the two films [4]. The spin-pumping con-
tribution to AH for the top 16Fe at 7.3 GHz is expected to be 8 to 9 Oe. The observed
drop in AH, see Fig. 5.7, is almost a factor of two smaller than that value. However
one should realize that this drop in AH happened in a non-collinear configuration of
the magnetic moments. Only the spin current momentum component generated by the
bottom 16Fe layer which is perpendicular to the saturation magnetization of the top
layer is expected to be fully absorbed at the 16Fe/30Au interface. In a non-collinear
configuration the parallel component of the spin momentum can be partially reflected.
The total spin current passing through the top 16Fe/30Au interface consists of four con-
tributions, see Fig. 5.8: (a) The spin current ff"t pumped away from the top 16Fe/30Au

interface towards the bottom 30Au/16Fe interface. (b) The spin current j& received
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Figure 5.8: Schematic drawing showing the propagation and absorbtion of spin currents
in the case of a non-collinear configuration of the magnetic moments M; and M,. The
precessing magnetic moment M, generates a spin current jf“t. When ff“t reaches the
other layer the spin current momentum component can be decomposed into a component
parallel to M, ﬁﬁ and a component perpendicular to M, jﬁ The current jﬁ is absorbed

at layer 2. The component ﬁﬁ, which is parallel to the magnetization M, can be partially
reflected and subsequently reach again layer 1 where it can be partly absorbed and partly
reflected leading to multiple scattering events

from the bottom 30Au/16Fe interface. (c¢) The spin current j’{ﬁf reflected from the bot-
tom 30Au/16Fe interface. (d) The spin current received after multiple reflections. Spin
current computer simulations were carried out using the self-consistent exchange of spin
momentum assuming that the perpendicular component of the incoming current was
fully absorbed. The simulations have shown that in this case the decrease in the FMR
linewidth was only 2 Oe, a value that is in good agreement with the experimental data.
This means that only the component of the pumped magnetic moment that is perpen-
dicular to the static magnetization contributes to a spin sink. The contribution of the
reflected parallel component to the non-local dynamics is reduced by a factor of sin?#,
where 6 ~ 30° is the angle between the static magnetizations of the two Fe layers, and

hence was too small to be determined.



Chapter 6
Spin diffusion length in Au

The spin diffusion regime in the transport of spin momentum requires the use of a NM
spacer having a thickness comparable to the spin diffusion length.

Two studies were carried out using: (a) Ferromagnetic Resonance (FMR) on
Au/Fe/GaAs(001) structures. In this case one measures an increase in the interface
Gilbert damping as a function of the Au overlayer thickness [126]. Similar experiments
were carried out by Mizukami et. al. [129] on polycrystalline Cu/permalloy/Cu/Pt films.
(b) Time, spatial and depth resolved Kerr effect studies on Au/Fel/Au/Fe2/GaAs(001)
structures. In this case one investigates the precession of the top Fel layer induced by
spin currents generated at the bottom layer Fe2. The Fel serves as a spin momentum

detector (probe) and Fe2 serves as a spin current generator.

6.1 FMR studies on nAu/16Fe/GaAs(001)

In these studies a series of samples with n = 20, 80, 150, 200, 250, 300 were prepared.
The integers represent the number of atomic layers in the Au and Fe films. FMR studies
were carried out using standard microwave spectrometers at 10, 24, 36 and 73 GHz,
see the details in [77]. For Gilbert damping AH is strictly linearly dependent on the
microwave angular frequency w, AH = oz%. a is extracted from the slope of the curve
of AH vs w. In Au/Fe/GaAs(001) structures the Gilbert damping increases initially
with increasing thickness of the Au. The spin pumped momentum becomes increasingly
attenuated with increasing Au thickness due to a spin relaxation mechanism which can
be described in the form of érﬁN M- Spin momentum scattering in the Au consequently
leads to a loss of spin momentum from the Fe layer, and thus to an increased interface

Gilbert damping parameter ay,. This increase eventually saturates when the Au layer

119
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thickness becomes larger than the spin diffusion length d,,, see Fig. 6.1. For dyyr < 944
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Figure 6.1: FMR linewidth vs frequency as a function of the thickness of the Au cap-
ping layer in Au/Fe/GaAs(001) structures. The solid lines represent linear fits to the
frequency dependence of the FMR linewidth. The integers in the figure legend represent
the number of atomic layers in the Au capping layers.

the FMR linewidth AH is given almost entirely by the intrinsic Gilbert damping in
the Fe layer. However, notice that the increase in interface Gilbert damping depends
linearly on the Au layer thickness for small thicknesses, therefore in principle there
is no real zero thickness contribution to AH from spin pumping: the spin pumping
contribution can be made negligibly small compared with the bulk intrinsic damping.
The equations of motion 2.63 and 5.1 with the boundary conditions 5.3 and 5.4 were
solved self-consistently and used for fitting the measured Gilbert damping coefficient
a to a function of the Au layer thickness, see Fig. 6.2. Assuming a Fermi velocity
vp =1.4x10% cm/s the curve fitting resulted in the following parameters: o =3.5x1073,
grp =2.4x10% cm™2, 7, =1.2x107™ s, 7,y =15x107"* s. It is interesting to note that in
this fitting procedure the 7, and 7, have unique values because the saturated value of
P is proportional to (7sf/7:,)%® while the approach to saturation scales with (J54) which
is proportional to (7,,,757)%° [130]. The electron relaxation time parameters resulted in
a spin diffusion length 6,y = 34 nm.

The spin flip relaxation time 7,y is expected to be larger than the electron momentum

relaxation time 7,,. In our samples 7,5 is larger than 7,,, by a factor of 12.
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Figure 6.2: The additional Fe damping parameter in Au/16Fe/GaAs(001) structures as
a function of the thickness of the capping Au layer. The solid line is a theoretical fit to
the data using the parameters g;; =2.4x10' cm™2, 7, =1.2x107" s, 7,; =15x107 s,
and assuming that the Fermi velocity vp =1.4x10% cm/s.

6.2 TRMOKE measurements on double layers

TRMOKE studies were carried out using double layer Au/Fe2/Au/Fel/GaAs(001) mag-
netic structures. In double layer magnetic structures one can directly study the magnetic
excitation induced by the spin sink current. The accumulated spin density which was
created by the Fel layer was transported across the Au spacer to the NM/F2 inter-
face. This interface acts as spin sink and the absorbed spin torque excites a precessional
motion of the magnetic moment in the probe Fe2 layer. The magnetization precession
in the Fe2 layer was monitored using the time (~ 1 ps) and spatially (~ 300 nm) re-
solved magneto-optical Kerr effect (TRMOKE) combined with a continuous wave (cw)
rf-driving field, see Section 2.3.

In order to study the propagation of spin currents it was necessary to acquire the
dynamic MOKE signal only from the top 12Fe layer. This is not a simple problem
because the penetration depth of the 400 nm wavelength laser beam is of the order of
100nm which is larger than the spin diffusion length. However, as pointed out in sections
2.3 and 3.3 it is possible to suppress the MOKE signal from the bottom 16Fe through
the use of a rotatable 1/4 wave plate compensator.

In the next few paragraphs a detailed calculation of the light propagation and Kerr

signal generation in multilayer samples will be presented.
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6.2.1 Propagation of light in metallic media

The following analysis and discussion will be limited to magnetic

20Au/12Fe/nAu/16Fe/GaAs(001) double layers, where integers denote the number of
atomic layers and n was set to 150 and 300 atomic layers. A schematic picture of the
propagation of light in a magnetic trilayer structure is illustrated in Fig. 6.3. Mathe-
matically the electromagnetic wave inside the layer ¢ of the metallic film can be treated
as a superposition of forward and backward waves. The electric field components for the
i layer for the forward and backward waves are denoted by e and e; , respectively, see
Fig. 6.3. The thickness of the GaAs substrate is set to infinity and thus only the forward
wave is considered in the GaAs. At an arbitrary position 2’ (z is negative) measured
from the right interface of the layer ¢ the total electric field is given by a superposition

of the forward and backward waves,

—ik; 2’

ei(2) exp ™" = (e exp +e; exp™™* ) exp Tt (6.1)

where w is the angular frequency of the incident light and k; is the complex k wave vector

inside the layer i,
ki = kov/€id, (6.2)

and kg = 27” is the amplitude of the wave vector in vacuum. The distribution of the
electromagnetic waves inside the magnetic double layer is, in a very good approximation,
determined by the diagonal permittivity components. The magneto-optical Kerr effect
can be treated as a small perturbation. Let us assume that the electric field of the
incident light, at the wavelength A = 400 nm (as used in the real experiment), is linearly
polarized along the x direction with the amplitude e; =1.

Boundary conditions require the continuity of the in-plane e and A field components
[131]. The ratio of the transversal components of the magnetic i and electric e fields are
given by the characteristic impedance,
€;
7

where + corresponds to the forward and backward waves, respectively. Z; is the char-

hi =+ (6.3)

acteristic transversal impedance given by

Zi = Zor| —, (6.4)
€;
where Z,=377 € is the characteristic impedance of free space. At the interface i/i — 1

the boundary condition for the e field is

+ - _ _+ —ik;_1d;_1 — iki_1d;—1
e] +e =e jexp "M%l e exp’iTt® (6.5)
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and for the h field it is
i B i _ eg_—l eXp—iki—ldi—l B ei_—l eXpiki—1di—1 (66)
Zi  Z Zi Zi

The diagonal components of the permittivity tensor for a cubic crystal, ¢, 4, are given

Fel AuT Fe2 Au2 Vaccum
dl d2 a3 d4
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e e e © .. ©,
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Figure 6.3: A schematic picture of the interface boundaries and propagation of electro-
magnetic waves in a multilayer sample. The complex amplitudes of the electric field for
the layer 7 and for the forward and backward waves are denoted by e;” and e; respectively.

by the square of the refractive index N; = n — ik [132],
€ia = co[(n® — k%) — i(2nk)] (6.7)

For the free space wavelength A = 400 nm the following optical parameters were used [133,
134]:

Material n k
Au 1.54 1.8
Fe 1.8 3.06
GaAs 4.373 2.14
Vacuum 1 0

Table 6.1: Optical properties of Au, Fe and GaAs
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There are 10 unknown electric field components e;. There are 5 interfaces each
having two boundary conditions, leading to 10 equations. The above linear set of equa-
tions allows one to calculate the electric fields e; (10 components) everywhere inside
the structure. A Fortran code was used to solve this 10X10 system of linear equa-
tions. The distribution of the electric fields inside the 20Au/12Fe/150Au/16Fe/GaAs
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Figure 6.4: Calculation of the propagation of light (A ~400 nm in free space)in a mul-
tilayer metallic/semiconductor structure and for perpendicular incidence. (a) shows the
amplitude of the electric field inside the structure. (b) shows the position dependence of
the phase of the electric field. (c¢) shows the position dependence of the electric field inten-
sity. The dotted and solid lines show the results for the 20Au/12Fe/150Au/16Fe/GaAs
and 20Au/12Fe/300Au/16Fe/GaAs structures, respectively. The left solid vertical line
(at 10 nm) shows the vacuum/metal (vacuum/20Au) interface. The middle solid
vertical lines (at ~ 46 nm) show the metal/GaAs (16Fe/GaAs) interface for the
20Au/12Fe/150Au/16Fe/GaAs structure and the right solid vertical line (at ~ 78 nm)
shows the metal/GaAs (16Fe/GaAs) interface for the 20Au/12Fe/300Au/16Fe/GaAs

structure

and 20Au/12Fe/300Au/16Fe/GaAs structures is shown in Fig. 6.4, where the integers

represent the number of atomic layers. The amplitude of the electric field inside the
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structure is strongly attenuated, see Fig. 6.4(a). The electric field intensity is calculated
using Poynting vector [135]. In a propagating sinusoidal electromagnetic plane wave
of a fixed frequency, the Poynting vector oscillates, always pointing in the direction of
propagation. The time-averaged magnitude of the Poynting vector is given with Eq. 6.8
and is shown in Fig. 6.4(c). One can see that a 400 nm light wave is almost entirely

attenuated at the metal/GaAs interface for a 300Au thick spacer.

A = %ei(z') e (), (6.8)

where e is the complex conjugate of the component e; and c is the speed of light in
free space. Interestingly one observes a more rapid decay of the light intensity inside the
film having a thinner Au spacer. This can be understood to be the consequence of the
considerable impedance mismatch at the metal/GaAs interface.

Thus the ferromagnetic layers at different depths are exposed to a nontrivial distri-

bution of the electric field of the light.

6.2.2 Radiation due to the Kerr effect

At normal incidence of the incident light wave the interaction of the light with the mag-
netized media leads to the radiation of light waves having a polarization perpendicular
to the polarization of the incident light. Mathematically this radiation can be treated
by using a two step process.

Firstly, the off diagonal components of the permittivity € create an electric D com-
ponent having a polarization perpendicular to the incident electric vector. The thickness
of the magnetic layer is much smaller than the decay length of light inside the metal
thus one can assume that the component of the electric field inside the magnetic layer j

has a constant amplitude and phase and is given by
e; =€ +e, (6.9)

The vector of the driving electric field inside the layer j is given by
E=10 1. (6.10)

The 3j field induced by the off diagonal components of € inside the magnetic layer j
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can be calculated using matrix multiplication

0 —ey O ¢ 0
Di=e| e 0 0 0 [=c| eme |- (6.11)
0 0 0 0 0

where ¢y and €,, are the permittivity of free space and the relative permittivity of the
media, respectively.

The induced D which is polarized along the y direction can be viewed as acting like
a radiating antenna [136], see Fig.6.5. The propagation of waves by a radiating antenna
is treated in the same manner as in section 6.2.1. Let us assume that the layer F1 (next
to the GaAs) is a radiating antenna. Continuity of e and h fields at the interfaces which
do not belong to the layer F1 are the same as in the previous calculation. However at the
interfaces of the Fel layer the situation is different. The induced D and e electric fields
having a polarization along the y axis are constant across the F1 film and Maxwell’s

equations lead to the following boundary condition:

¢'(GaAs)cans/rer = € (Aul)pe1/aut. (6.12)

where €/ (GaAs)gaas/per and €' (Aul)per/aq1 are the electric fields at the GaAs/Fel inter-
face on the GaAs side and the Fel side, respectively. One has also to satisfy the Maxwell

equation

- 9D
I[H=—. 6.13
cur Fr (6.13)
Applying Stoke’s theorem along the dashed integration path shown in Fig. 6.5a results

in a discontinuity of the h fields at the boundaries of the layer Fel,
hl—t’el - hl?'el = EoexyeFeldlwa (614)

where + and - superscripts denote the right and left interface respectively. The right
hand side of Eq.6.14 generates light waves inside and outside of the sample. It leads
to a MOKE signal outside of the sample. The off diagonal components €., in Fe were
studied in the late 60’s by Krinchik and Artem’ev [137, 138]. The real and imaginary
parts of €., were measured for a wide range of wavelengths. At a wavelength of 400 nm
€y = 0.12 4 0.114.

The Kerr signal generation and the wave propagation was calculated by solving a
9X9 system of linear coupled equations. Fig. 6.6 shows the Kerr signal generated by the

16Fe layer grown on GaAs(001). For comparison two thicknesses of the Au spacer layer
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Figure 6.5: (a) The D vector created by the Kerr effect leads to electromagnetic waves
having a discontinuity in the h field at the ferromagnetic layer interfaces. The dashed
line shows the integration path for Stoke’s theorem applied to the magnetic field h. (b)
The D vector can be treated like a radiating antenna setting up its own electromagnetic
waves. The e fields are polarized along the y axis and the h field is polarized along
the x axis. Propagation of these waves in a multilayer structure is shown by the solid
arrows. The complex amplitudes of the electric field of each electromagnetic wave inside
the metallic film for the 7 layer for the forward and backward waves are denoted by e}
and e, respectively.
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Figure 6.6: Calculation of the electric field corresponding to the Kerr effect generated
by the 16Fe film inside the 20Au/12Fe/Au/16Fe/GaAs structure. Figure (a) shows the
electric field amplitude and (b) shows the phase of the electric field component. The
calculations were carried out for Au spacers 150 atomic layers thick (shown by the dotted
line) and 300 atomic layers thick (shown by the solid line). The thick black vertical lines
indicate the position of the 16Fe layer. The thin vertical black line at 10 nm indicates
the interface between the sample and vacuum.
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Figure 6.7: Calculation  of the electric field generated in  the
20Au/12Fe/150Au/16Fe/GaAs magnetic double layer by the Kerr effect.  The
dotted line shows the Kerr signal created by the 16Fe layer grown on GaAs, and the
solid line shows the Kerr signal generated by the top 12Fe layer. The black vertical
lines indicate the positions of the two Fe layers. The thin vertical solid line indicates
the vacuum/metallic film interface. (a)is a plot of the electric field amplitudes and (b)
is a plot of the electric field phase.
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were considered: 150 atomic layers and 300 atomic layers. The amplitude and phase
as a function of distance inside the 20Au/12Fe/nAu/16Fe/GaAs structure are shown in
Fig. 6.6. The thick vertical black lines indicate the 16Fe film position and the vertical
thin line indicates the vacuum/metal interface. Notice that the amplitude of the Kerr
signal at the 16Fe layer for the 300Au spacer layer is only about one third as large as
that for the 150Au spacer layer. This result is due to the attenuation of the incident light
inside the Au spacer layer, see Fig. 6.4. At the vacuum/metal interface this difference is
even more pronounced and becomes as large as a factor of 5. The phase difference for
the two Kerr signals at the vacuum/metal interface is ~ 1.5 rad, see Fig. 6.6(b), this is
an important parameter for depth resolved MOKE studies.

Similar calculations were carried out for the Kerr electric field generated in the top
12Fe layer. In this case the light had to propagate only through the thin 20 atomic layer
cap before it reached the vacuum/Au interface cf. Fig.(6.3). The 12Fe layer is exposed to
~ 90% of the amplitude of the incident electric field (cf. Fig.6.4). The induced D in the
Fe2 layer was obviously larger than that for the Fel layer grown on GaAs. Calculations
for a 20Au/12Fe/150Au/16Fe/GaAs structure are shown in Fig. 6.7. The amplitude
of the Kerr electric field generated in 12Fe is ~ 7 times larger than that generated in
16Fe. The phases of the Kerr signals from the top and bottom layers differ by 2 radians.
The difference between the two Kerr signals can be explained by the extra optical path

through an additional 30 nm of Au.

6.2.3 Depth sensitivity of MOKE

The Kerr effect signal (e?e"’“, cf. Fig.6.5) from the j magnetic layer is detected by mixing
it with a reference signal using the projection of the reference and Kerr polarizations into
a direction selected by an analyzer. The reflected light wave electric field e, is usually
used as a reference signal, see Fig. 6.3. In fact, usually the Kerr signal is detected by

means of a diode having an output proportional to the square of the total electric field

component,
A~ (er + €5 (ef + eberm). (6.15)
The first order term gives
A~ (e,,e;‘?e”"* + efwejf). (6.16)

Assuming a phase shift ¢ of the Kerr signal with respect to the reflected signal one can

rewrite Eq. 6.16 in the following form:

Al e[ e | cos(9), (6.17)
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Notice that for ¢ = 90° the detected Kerr intensity is zero. Using a rotatable compen-
sator, the phase of the Kerr amplitude can be adjusted relative to the reference light
signal. In this way the Kerr signal from selected depth zones can be made invisible if
the Kerr phase is adjusted to be out of phase with respect to the reference reflected
light. This kind of depth selective Kerr signal detection has been demonstrated using
Fe/Cr/Fe sandwich samples [54].

Depth selectivity was employed on 20Au/12Fe/Au/16Fe/GaAs structures. In Fig. 6.8
the ratio of the Kerr signals from the top 12Fe and bottom 16Fe layers, (A”? <), is shown
as a function of the phase shift adjusted by means of a phase compensator. When the
phase difference between the reference and Kerr signals from the bottom 16Fe layer is
% (phase shift ~ 2.7 rad for 20Au/12Fe/150Au/16Fe/GaAs, see graphs 6.8(a), (b) and
(c), and the phase shift is &~ 1 rad for 20Au/12Fe/300Au/16Fe/GaAs, see graphs 6.8(d),
(e) and (f)) then one can detect only the signal from the top 12Fe layer (ratio % —
+00). The =+ sign is associated with the sign of the Kerr signal contributions to the
reference signal: when 7 < ¢ < 3T 5~ then the detected Kerr signal has a sign opposite to
that when =F < ¢ < 7. The same argument applies in the opposite direction: if the

phase difference between the reference and Kerr signals from the top 12Fe layer is 3

(phase shift ~ 0.5 rad for 20Au/12Fe/150Au/16Fe/GaAs, see graphs 6.8(a), (b) and (c)
and phase shift ~ 0.7 rad for 20Au/12Fe/300Au/16Fe/GaAs, see graphs 6.8(d), (e) and
(f)) then one can detect only the signal from the bottom 16Fe layer (ratio % — 0).
The ratio of detected Kerr amplitudes is plotted for

20Au/12Fe/150Au/16Fe/GaAs and 20Au/12Fe/300Au/16Fe/GaAs structures in Fig. 6.8.
It is evident that for double layer structures having different thicknesses of the Au
spacer layer the conditions for eliminating a particular Kerr signal are different. Thus
in TRMOKE measurements the phase shift has to be adjusted to the required value for

each thickness of the Au spacer.

6.2.4 Experimental evidence for the suppression of the direct

Kerr signal from the bottom Fe layer

The amplitude of a residual Kerr signal due to the bottom 16Fe layer was observed
to be &= 10% of the signal from the 12Fe for a wide range of phase shifts induced by
the 1/4 wavelength plate even for a 200ML Au spacer (40nm). This residual signal can
dominate the spin sink driven signal. The depth selectivity of the Kerr effect allowed

one to suppress the residual signal from the bottom 16Fe to a level less than that due



CHAPTER 6. SPIN DIFFUSION LENGTH IN AU 131

a) 6.0x10° : . o : d) 6.0x10°
S 4.0x10° S 4.0x10°
© © )
§ 2.0x10° - & 2.0x10° :
M © H
.“_g 0.0 ; g 0.0 J
g N g r—
©-2.0x10° . ©-2.0x10° :
e w“
(o] o
.8-4.0x10° 8-4.0x10°
& &
-6.0x10° : . ; -6.0x10° ; |
1 2 3 0 2 3
Phase shift, rad Phase shift, rad
b) e) 100 .
5 3
®© m— 50
y 172}
g g
3 >
2 2 ol
ol [e%
S 3 /
© Y
‘S - o -50
o 2
o ©
©
14
14 -100 ; ;
0 2 3
0 1 2 3 .
Phase shift, rad Phase shift, rad
C) f)

bm e e e e s e e e oo oo

Phase diference, rad
o

Phase diference, rad

1 2
Phase shift, rad

1 2
Phase shift, rad

Figure 6.8: The calculated ratio of the Kerr signals created by the 12Fe and 16Fe
films (%) as a function of the phase shift provided by a phase compensator: the
x-axis is the phase shift induced by the compensator. (a), (b) and (c) are calculated
for 20Au/12Fe/150Au/16Fe/GaAs specimen. (a) shows that one is able to isolate one
or the other layer by adjusting the phase of the Kerr signal. (b) is a magnified ver-
sion of the ratio shown in (a). In (c) the total phase of the Kerr signal with respect
to the reference signal is plotted as a function of the compensator phase shift for the
16Fe (dotted line) and 12Fe (solid line) films. (d), (e) and (f) are calculated for the
20Au/12Fe/300Au/16Fe/GaAs specimen. (d) and (e) show that the spacer thickness
changes the phase shift required to isolate the Kerr signal from either the top or the

bottom layer. In (f) the same as part (c) but for a 300 atomic layer Au spacer.
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to the spin current induced signal.
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Figure 6.9: The TRMOKE signal for a 20Au/12Fe/200Au/16Fe/GaAs specimen at
F=10.3 GHz. (a) The solid line shows the measured signal for an arbitrary position
of the phase compensator. The line defined by o points shows the measured signal when
the compensator was adjusted so that there was a phase shift of 7/2 between the refer-
ence signal and the signal from the bottom 16Fe layer. (b) A magnified part of the field
region shown in part (a) where one can observe the contribution from the spin current
induced rf precession. This signal occurs at the FMR field for the 16Fe layer (cf. 6.10).
Notice that the direct signal from the 16Fe (the solid black line) has a different line
shape than that corresponding to the spin current induced signal. The residual signal
from the 16Fe has a lineshape similar to that of the main FMR peak for the 12Fe film
at 0.95 kOe. The main peak is ~ y". The lineshape of the spin pump induced peak is
~ x and is out of phase with the main FMR peak ~ x". The data indicate clearly that
the direct Kerr signal from the bottom 16Fe layer can be fully suppressed by adjusting
the \/4 plate compensator.

A careful adjustment of the 1/4 wave-plate allowed one to set the phase of the Kerr
polarization from the bottom layer to be shifted in phase by 7 with respect to the
reference beam polarization, see Fig. 6.9. For this case the bottom layer provided a
negligible Kerr effect signal. This technique was successfully used in domain imaging in
Fe/Cr/Fe multilayers using a Kerr microscope by Schéfer et al. in [139]. In the next
subsection it will be shown that the remaining signal at the resonance condition of the
bottom 16Fe (cf. 6.10) layer was generated in the top 12Fe due to additional driving
caused by the spin sink effect.
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6.2.5 Detection of the spin sink driven signal

TRMOKE measurements were carried out on a 20Au/12Fe/200Au/16Fe/GaAs(001)
magnetic double layer. The difference in magnetic crystalline anisotropies for the top
(12Fe) and bottom (16Fe) films was used to separate their FMR peaks. The in-plane
angular dependence at 24 GHz resulted in the following magnetic parameters: 16Fe
grown on GaAs(001): In-plane uniaxial anisotropy parameter K, = -4.45X10° erg/cm?
with the hard magnetic axis along the [110] crystallographic orientation of GaAs(001),
the in-plane four fold anisotropy parameter K; = 2.67X10° erg/cm?; and the effec-
tive demagnetizing field 4wM.rr = 16.94 kG. 12Fe film grown on the Au(001) layer:
K = 2.49X10° erg/cm?, K, = 8.63X10% erg/cm® with the easy magnetic axis along
[110] of the GaAs(001), and 47 M.;; = 16.41 kG. The top 12Fe layer has a small uni-
axial in-plane anisotropy, which is almost negligible compared with the other anisotropy
fields. For the in-plane FMR measurements with the dc field applied along the [110]g,as
crystallographic axis and neglecting the small in-plane uniaxial anisotropy for the top

layer the resonance conditions for the saturated state are given by

2
w K 2K, 2|Ku|
CV S (HaarM,, 4+t (H- 2 , 1
<7> < e ff*Ms) < M, M, (6.18)

where 4+ corresponds to the bottom 16Fe and top 12Fe films respectively. The FMR
peak positions at 10.3 GHz, presented in Fig. 6.10, are at 0.57 kOe and 1 kOe for the
bottom 16Fe and top 12Fe films, respectively.
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Figure 6.10: Calculated resonant frequencies using eq 6.18 for the top 12Fe film (solid
line) and the bottom 16Fe film (dashed line) as a function of the applied magnetic field.
The field was applied along the [110]g.as crystallographic direction. At 10.3 GHz the
FMR peak positions were separated by =450 Oe.

In the field sweep one can observe, apart from the main FMR signal, a magnetization
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precession induced by spin currents generated by the bottom 16Fe layer. The induced
signal has an FMR-like behavior because the accumulated magnetic moment in the Au
spacer follows the FMR response of the bottom 16Fe layer. The spin current driven
signal is proportional to ddi;j. It follows that the direct FMR signal is phase shifted by
7/2 from the spin current induced signal [140]. This means that the X susceptibility
corresponding to the top FMR signal is accompanied by a spin sink signal component
~ X" of the bottom layer FMR and wice versa. This feature was used to distinguish
between the signal generated in the 12Fe film by the direct FMR response and the
response created by the spin sink effect, see Fig. 6.9. In fact, the 1/4 wave-plate was
adjusted in position such that no trace of the direct FMR signal from the 16Fe was

noticeable.
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Figure 6.11: TRMOKE field scans at 10.3GHz for a 20Au/12Fe/200Au/16Fe/GaAs
sample. (a) shows x’ the susceptibility component which is in phase with the rf driving
field. (b) shows the susceptibility component x” which is phase shifted by & with respect
to the rf driving field. The insets show magnified signals which were driven by the spin
sink mechanism. The solid lines show the results of computer simulations using Eq. 5.1
with the boundary conditions 5.3 and 5.5.
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The TRMOKE experiments were carried out at 10.3 GHz. At this frequency the
resonance fields for both magnetic films can be calculated using Eq. 6.18. These fields
were separated by &~ 450 Oe . The results for the x’ and x” signals for the
20Au/12Fe/200Au/16Fe/GaAs sample are shown in Fig. 6.11. In addition to the main
FMR signal, one can clearly observe the spin sink induced signal in the tail of the main
FMR signal. The field of the spin sink induced signal agrees perfectly with the FMR
field of the bottom 16Fe layer. The FMR fields were calculated from Eq. 6.18. The top
12Fe layer was driven by the spin current generated by the bottom 16Fe, see Eq. 2.63,
which is proportional to the time derivative of the rf-magnetization of the 16Fe layer.
Therefore the spin pump driving torque is phase shifted by 7/2 with respect to the rf
magnetization of the top 12Fe layer. Consequently, the spin sink induced precession
resulted in a typical ”dispersion wiggle” for the real part of the 12Fe-susceptibility y’
and a ”dip” for the imaginary part of the 12Fe-susceptibility. The solid lines show
computer fits of the data using equations 2.63 and 5.1 with the boundary conditions 5.3
and 5.5 using the following parameters for the Au spacer layer: 7, =1.2x107'* s and
Tsy =15x1071* s. These fitting parameters are very close to those obtained from the
FMR measurements on Au/Fe/GaAs(001)samples. Ballistic spin transport would create
a signal approximately three times larger than that observed even for the thinnest Au

spacer for this series of samples.

6.2.6 Other possible mechanisms of dynamic coupling and va-
lidity analysis

One can not exclude a priori other known mechanisms that lead to the coupling of two
films in a magnetic double layer. First of all a possible residual static exchange coupling
should be addressed. The exchange coupling is proportional to the rf magnetization com-
ponents. This means this form of coupling would again result in a signal in the 12Fe
at the FMR field for the 16Fe film having a lineshape similar to the main FMR signal
for the 12Fe film, see Fig. 6.12. Computer simulations for weak exchange ferromagnetic
and exchange antiferromagnetic couplings are shown in Fig. 6.12. The exchange cou-
plings were adjusted to obtain signals having a strength similar to those observed in the
measurements. Clearly these simulations show that the exchange coupling is not able to
explain the signals created by spin pumping. In addition the exchange coupling fields are
very weak. Direct exchange coupling can be entirely excluded because the Au spacers

are too thick. Even a long wavelength oscillatory coupling is effectively averaged out by
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the interface roughness for Au spacers thicker than 3 nm.
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Figure 6.12: Computer simulations assuming three different coupling mechanisms, which
can affect the TRMOKE data: a spin pump/sink driven signal (solid line); a residual
ferromagnetic coupling (dashed line); and a residual antiferomagnetic coupling (dotted
line). These simulations clearly indicate that only the spin pump/sink mechanism can
explain the measured data.

Dipolar coupling is another mechanism which may lead to the observed effect. Dipo-
lar fields are proportional to the rf magnetization components. An inhomogeneous mag-
netization in a finite sized sample can lead to dipolar fields. In an ultrathin film the
dipolar field is given by poHp ~ %qt rloMg sin ¢, where ¢ is the wave number of the
inhomogeneous rf-magnetization, ¢ is the thickness of the ferromagnetic film, and ¢ is
the cone angle of the rf-precession. The q wave number is given by ¢ = w/\, where A
is an appropriate wavelength of the inhomogeneous rf-magnetization and is related to
the sample’s lateral geometry. Using the conservative numbers ¢ = 0.5°, tz = 2 nm and
A =5 um results in Hp = 1 x 1073 Oe. Considering that the excitation field due to
spin pumping is 5 Oe it is obvious that the driving field due to dipolar coupling is at
least two orders of magnitude weaker than the driving field caused by spin pumping. In
addition, the dipolar coupling is proportional to the magnetization and would generate
the wrong lineshape - a lineshape that has been previously discussed.

Therefore one can firmly conclude that the signals measured at the 16Fe film reso-
nance in Figs. 6.11(a) and (b) is a sole consequence of the spin current generated by the
16Fe film and absorbed in the 12Fe film.
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6.2.7 The dependence of the spin sink driven signal on the Au

spacer thickness
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Figure 6.13: The x points show the ratio of the spin pump induced signal in the 12Fe
film when the 16Fe film is driven at resonance to the main FMR signal when the 12Fe
film is driven at resonance as a function of the Au spacer layer thickness. The solid
line shows a fit of the experimental data to a simple exponential decay. The o points
show the results of computer simulations assuming a perfect alignment of the magnetic
moments with the external field. The [ points show the results of computer simulations
which takes into account the dragging of the magnetic moment in the 12Fe film behind
the applied field. The inset shows an expanded region of this graph.

The spin current induced dynamics was studied as a function of the Au spacer layer
thickness, see Fig. 6.13. TRMOKE measurements were carried out on
20Au/12Fe/nAu/16Fe/GaAs(001) magnetic double layers, where n=150, 200, 250, 300
is the number of atomic layers. The the spin current induced signal decreased with
increasing spacer thickness. A simple exponential fit provides a good description of the
data, however it leads to an unrealistically strong contribution in the limit of small
thicknesses corresponding to the regime of ballistic spin transport. Spin diffusion theory
using perfect alignment between the static magnetic moments and the applied dc field
resulted in a less than desirable fit, see the points o in Fig. 6.13. A good fit was obtained
by including non-collinearity between the magnetic moment in the top 12Fe layer and
the applied field. The bottom layer was oriented parallel with the field along the in-
plane easy axis. The applied field in the top layer was applied along the hard axis
and consequently the direction of its magnetic moment dragged behind the direction of
the applied field and was not collinear with the magnetic moment of the 16Fe layer.

A misalignment of the magnetic moment with respect to the direction of the dc field
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within 10° resulted in a change in the amplitudes of the main and satellite peaks [128].
The full fit including a misalignment of the magnetic moment in the top 12Fe layer,
see the [ points in Fig. 6.13, resulted in a good fit to the data using the following
spin diffusion parameters for all thicknesses of the Au spacer: spin flip relaxation time
(15 = 15x107' s), electron relaxation time (7, = 1.2x107'* s), and spin diffusion
length (ds¢ = 34 nm)

6.3 Summary and comparison with other measure-

ments

Pure spin current induced dynamics in magnetic films was investigated using the TRMOKE
technique. The propagation of accumulated spin momentum density was studied in mag-
netic single films and in structures containing two ferromagnetic layers separated by a
Au spacer layer. In the Au thickness range investigated the propagation of a spin current
was found to satisfy the diffusion equation. Computer simulations which were based on
the spin diffusion theory provided nearly perfect agreement with the experimental data
using the following spin diffusion parameters: spin flip relaxation time (7, =15x10"1 ),
electron relaxation time (7, =1.2x107' s) and spin diffusion length (dsq = 34 nm) at
room temperature.

Tsf and 7, were adjusted to explain the FMR and TRMOKE data. The electron
relaxation time 7,, can be obtained independently from the expression for the electric

conductivity in Au, o4,:

ne’r,,

oA p- (6.19)

where n = 5.9x10® m™3 is the charge carrier density per unit volume, e = —
1.6x107% C is the electron charge and m = 9.11x1073! kg is the mass of the electron.
Oau = 0.44x10% (Qm)~! is obtained from the literature [133]. This set of parameters
results in 7, = 2.3x107'* s, which is almost twice the value 7, = 1.2x107'* s
obtained from our experiments. Monchesky et. al. [68] pointed out that in thin Au films
the conductivity decreases with decreasing thickness due to interface scattering. First
principles density functional calculations and Boltzman’s equations were successfully
employed to explain this thickness dependence. In the range of 20 to 30 nm of Au the
average value of the conductivity is o4, = 0.3x10% (Qm)~!. Using equation 6.19 and
the thickness adjusted o4, we get 7,, = 1.6x107!*: this value is in good agreement with

the result obtained from the magnetic measurements.
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Values of the diffussion length in Au, 44, obtained from the existing literature are
found to be in the range of 10 nm to 170 nm at low temperatures [105]. This wide spread
in the data indicates that the measuring techniques and sample preparation played an
important role in these studies. Since our samples have a superior crystalline quality and
spin pumping is not accompanied by a net charge transport it was desirable to investigate
the propagation of spin currents using techniques developed in our Lab. The value of the
spin diffusion length in Au obtained from our experiments using FMR and TRMOKE
finds partial agreement with non-local measurements performed by other groups. Kurt
et. al. [141] studied the spin diffusion length by using Current-Perpendicular-to-Plane
Giant Magneto Resistance (CPP GMR) measurements on polycrystalline Au/Cu spac-
ers. They obtained dsy = 35 nm at 4.2 K, for a Au layer thickness in the range 1
to 20 nm. Extrapolation of these data to room temperature should result in a value
smaller than that measured in our studies. The decrease in the spin diffusion length in
their experiments compared with our result may be explained by an additional electron
scattering at the grain boundaries of the polycrystalline Au/Cu spacer. Our results find
almost perfect agreement with Au spin diffusion measurements performed in lateral spin
valves by Ji et. al. [142]. The authors report d;4 = 64 nm at 10 K. Their recent work on
Co/Cu/Co lateral spin valves [143] indicate that in Cu 0,4 measured at room tempera-
ture is approximately a factor two smaller than the 10 K value. Extrapolation of this
result to Au yields 0, = 32 nm at room temperature, a value that is very similar to our

results.



Chapter 7
Conclusions

Very good quality crystalline epitaxial metallic multi-layers possessing well defined in-
terfaces were prepared using the molecular beam epitaxy (MBE) technique to deposit
metal films on semi-insulating GaAs substrates. Growth of the single crystalline films was
monitored using reflection high energy electron diffraction (RHEED). RHEED provides
a reciprocal space transform of the epitaxial surfaces. The reciprocal space patterns were
correlated with real space subatomic resolution images obtained by means of a scanning
tunnelling microscope (STM).

Structural properties of the Fe/GaAs(001) interface were studied by means of Moss-
bauer Electron Conversion Spectroscopy using two atomic layers of 5"Fe deposited either
at the Fe/GaAs(001) interface or deeper in the Fe film. Samples in these studies were
prepared using MBE thermal deposition (TD) and pulsed laser deposition (PLD). The
PLD deposition resulted in a substantial incorporation of Fe atoms into the GaAs lat-
tice wheras the TD films exhibited only a moderate intermixing of Fe with GaAs. The
magnetic properties observed in these Au/Fe/GaAs(001) structures were investigated
by means of ferromagnetic resonance (FMR). The in-plane uniaxial anisotropy at the
Fe/GaAs(001) interface was significantly smaller in the films grown by PLD compared
with those grown using TD. In the PLD films the Fe interface lattice structure was ro-
bustly pinned to the cubic symmetry of the GaAs lattice while the interface Fe structure
in the TD films followed more closely the uniaxial interface symmetry of As dimers on
the GaAs(001) surface template. Recent EXAFS studies have shown that the uniaxial
symmetry of the 4x6 reconstructed GaAs template leads to an interface shear. Based
on the results of Mossbauer spectroscopy and magnetic studies one can argue that the
Fe interface uniaxial anisotropy at the GaAs(001) interface is caused by interface lattice

shear in the Fe. The interface lattice shear results in a uniaxial anisotropy having its
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axis along the in-plane lattice mesh diagonal, the [1-10] crystallographic direction, due

to the magneto-elastic term in the magnetic free energy [144, 87, 145]:

Fie = (B ;€6> sin(2y), (7.1)

where By = 7.62x10% Jm™® is the magnetoelastic parameter [146], € is the in-plane
shear component, and ¢ is the angle between the magnetization direction and the [100]
crystallographic direction.

Strong in-plane uniaxial anisotropy in the Fe/GaAs(001) films allowed one to inves-
tigate the magnetic excitations in configurations in which the magnetization was not
collinear with the applied magnetic field. Applying the external field along the mag-
netic hard axis [110] enabled one to observe magnetic soft modes. Competing in plane
uniaxial and four-fold anisotropies resulted in two resonant modes when the film mag-
netic moment was not collinear with respect to the applied magnetic field. Three FMR
resonance modes were observed in a certain range of microwave frequencies with the
external field oriented along the hard [110] magnetic axis. One mode corresponded to a
very low frequency and the good crystalline quality of the Fe films brought this resonant
frequency to a low of 1GHz. The non-collinear branch of the FMR peaks had a bell
like shape, with the critical frequency corresponding to a confluence of two non-collinear
modes. For frequencies greater than the critical frequency a “ghost” resonant mode was
observed. This mode was driven purely by magnetic losses. Its intensity was observed
to decrease exponentially with increasing frequency.

Spin dynamics studies using FMR led to several important results: (a) The FMR
linewidth in high quality Fe crystalline films is linearly dependent on the microwave
frequency. A Zero-frequency offset (in the FMR field sweep mode) at low microwave
frequencies is caused by long range magnetic inhomogeneities. The intrinsic magnetic
damping in ultrathin films can be described by the Gilbert phenomenology and is caused
by noise in the spin orbit interaction. (b) Gilbert damping is due to contributions from
both the bulk and the interface. The interface anisotropy term scales inversely with film
thickness indicating that the interface electronic energy bands contribute significantly
to the intrinsic Gilbert damping. Bulk Gilbert damping in the Fe films was found to be
comparable to that observed in the best bulk Fe samples prepared by chemical vapor
deposition. The bulk Gilbert damping parameters were a=1.3x10"3 and G=0.4x10%s"1,
respectively. This again testifies to the excellent crystalline quality of Fe films prepared
by means of MBE. (c) A precessing magnetization in Fe/NM structures acts like a

peristaltic spin pump that generates a spin current propagating perpendicular to the
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Fe/NM interface. (d) Au/Fe/GaAs(001) thin film structures allowed one to investigate
the spin relaxation mechanism. The spin current propagating in the Au layer becomes
progressively attenuated with an increasing Au layer thickness: this attenuation is due
to a spin relaxation mechanism in Au. The variation of the measured FMR linewidth as
a function the Au layer thickness was interpreted using diffusion equations of motion. A
fit of the experimental data to the diffusion equation allowed one to uniquely determine
the momentum and spin flip relaxation times 7, =1.2x107'* s, 7,y =15x107'* s. This
value for the spin flip relaxation time leads to a spin diffusion length of 35 nm in Au. The
above value for 7, is in a good agreement with values deduced from DC conductivity
measurements. Measurements of the spin diffusion length in Au obtained by the Argonne
group using lateral spin valves resulted in a very similar value of spin diffusion length
0sq in Au.

Ultrathin crystalline Fe either grown on, or covered by, a lattice of mismatched crys-
talline layers triggers a self assembled network of misfit dislocation. A Pd square lattice
is almost 4.5 percent larger than that of the square lattice presented by an Fe(001)film.
The resulting lattice strain leads to a self-assembled network of misfit dislocations. FMR
studies on 20Au/7Fe/40Au/11Pd/10Fe/GaAs structures have shown that misfit dislo-
cation glide planes create a network of uniaxial anisotropies having their uniaxial axes
oriented along the lines of misfit dislocations. FMR measurements showed that these
anisotropies lead to a robust extrinsic damping which can be ascribed to a two magnon
scattering mechanism. Magnetic damping in 20Au/7Fe/40Au/11Pd/10Fe/GaAs(001)
exhibited all the classical features of two magnon scattering: (a) The FMR linewidth had
an in-plane angular dependence that followed the symmetry of the uniaxial anisotropies
induced by the misfit dislocation network. The effective damping was enhanced when
the magnetization was oriented along the < 100 > crystalline axes of the Fe(001) film,
the directions of the uniaxial anisotropies, whereas an enhanced linewidth was almost
absent when the magnetization was oriented along the < 110 > crystallographic axes.
(b) Once the magnetic moment was inclined at an angle larger than 45 degrees away
from the film plane the contribution of the two magnon scattering disappeared. (c) At
low enough microwave frequencies the FMR linewidth was linear in microwave frequency
and showed an enhanced Gilbert-like damping which surpassed the intrinsic damping by
almost two orders of magnitude. All these features were present with the utmost clar-
ity and could be used as working criteria to distinguish between intrinsic and extrinsic
contributions to the magnetic damping.

The spin pump/spin sink mechanism was extensively studied using magnetic double
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layer structures. The redistribution of the spin momentum leads to an additional in-
terface damping which phenomenologically behaves like Gilbert damping. The role of
spin current interference was tested by using an asymmetric rf driving magnetic field
that was achieved by patterning the Au/Fe/Au/Fe(001) structure onto a co-planar mi-
crowave transmission line. By changing the phase of the spin currents one was able to
observe off-resonance driving due to the spin sink mechanism in standard FMR absorp-
tion spectra.

The propagation of light in magnetic double layers was formulated using Maxwell’s
equations with the incident light impinging on the film surface parallel with the surface
normal. The magneto-optical effect is the consequence of the optical Lorentz force acting
on atomic electrons and results in off diagonal elements of the cubic electric permittivity
tensor for a coordinate system coincident with the cubic crystalline axes. The induced
electric vector D generates light waves having a polarization vector oriented perpen-
dicular to the incidence light polarization vector: this is the origin of the Kerr effect.
The magnetic layers act like radiation antennas [136]. It has been shown that one can
achieve excellent depth selectivity by using a phase compensator. This means that by
a proper choice of phase compensation one can select a Kerr signal that originates from
either the top or the bottom magnetic layer. The depth, time, and spatially resolved
magneto-optical Kerr effect (TRMOKE) technique was used to directly detect the spin
current driven spin dynamics in magnetic Au/Fel/Au/Fe2/GaAs(001) double layers.
Spin pumping of the magnetic moment in Fe2 created an accumulated spin density and
spin current in the Au spacer. The spin current propagated across the Au spacer and
was absorbed due to the spin sink effect at the Au/Fel interface. The spin sink effect
resulted in a precessional motion of the magnetic moment in Fel. The Fel layer served
as a spin detector (probe). Depth resolved TRMOKE allowed one to detect the spin cur-
rent induced precessional motion of the magnetic moment in the probe layer Fel with
a ps time resolution. The spin current induced dynamics was investigated as a function
of the Au spacer thickness. The theory of the spin induced dynamics was formulated by
using the diffuse equation of motion for the spin accumulated moment in the Au spacer.
The best fit to the experimental data was obtained using the spin diffusion length in
Au of 35 nm, which is in perfect agreement with the spin diffusion length deduced from
FMR studies on single Fe layers. TRMOKE and spin pumping are unique tools that
allow one to study the spin diffusion in normal metals without passing a DC current

through the structure under study.



Appendix A

Sample preparation using patterning

In this Appendix a detailed patterning procedure is described. Patterning was used
to prepare the samples for FMR studies using antiparallel rf driving and TRMOKE

measurements.

A.1 FMR with antiparallel driving

FMR experiments with antiparallel rf driving were carried out on a coplanar transmission
line which was patterned from a continuous 20Au/12Fe/250Ag/16Fe(001) film grown on
a GaAs(001) substrate. The GaAs wafer covered with the

20Au/12Fe/250Ag/16Fe(001) film and all subsequent modifications will be further re-
ferred to as the Sample. Two main steps were involved in patterning: (a) - optical

lithography, (b) - dry etching.

A.1.1 Sample patterning for FMR experiment

Optical lithography: Optical lithography is a process used in microfabrication to
selectively remove parts of a thin film. It uses light to transfer a geometric pattern
from a photomask to a light-sensitive chemical (photoresist) on the substrate. The
sample, see Fig. A.1(a), was cleaned in acetone using an ultrasound mixer. The residual
contaminants and acetone were removed from the film surface by a subsequent rinse
with propanol. A thick layer of negative photoresist (Calriont AZ 5214E) was spun
on the Sample surface, see Fig. A.1(b). The following spinning parameters were used:
speed - 3000 rpm, and time - 40 sec. The photoresist was hardened by baking for

60 seconds at 90 ° C. This prebaking was also used to drive off excess solvent. After
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Figure A.1: Defining the waveguide geometry using optical lithography. In (a) the
starting point is shown: an epitaxial film is deposited on a GaAs substrate; this will be
referred to as the Sample. (b) shows the Sample covered by a thick continuous layer of
negative photoresist. In (c¢) a shadow mask with an image of the coplanar waveguide is
aligned along the desired Sample orientation. The width of the central conductor was
30 pm. UV light illuminated the negative photoresist through the shadow mask.The
negative photoresist was rendered impervious to the developer in regions exposed to UV
light. (d) shows the resulting photoresist structure after the Sample was developed and
cleaned with acetone. The soluble regions of the photoresist are removed.
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prebaking, the photoresist is exposed to a pattern of intense light. Optical lithography
typically uses ultraviolet light. Negative photoresist becomes chemically more stable
when exposed to the light. This chemical change allows the unexposed photoresist to be
removed by a special solution, called the "developer” by analogy with a photographic
developer. The Sample covered by photoresist was put into a mask aligner. The mask
was aligned using an optical microscope so that the axis of the coplanar waveguide was
parallel with the [110] axis of the GaAs(001). The alignment was not important for the
FMR measurements, but was useful for Sample cleavage. Subsequently the photoresist
was exposed to UV light through the mask for 7 seconds, see Fig. A.1(c). The Sample
was removed from the mask aligner and baked for 90 seconds at 120 ° C. The hard
bake solidifies the remaining photoresist to make a more durable protective layer. After
that the Sample was put back into the aligner, the optical lithography was checked
and the Sample (without mask) was exposed for 37 seconds to mercury UV light. The
patterned photoresist was developed for 80 seconds in Clariont AZ 351B developer in
an ultrasound mixer. Subsequently the wafer was rinsed with acetone and propanol to
remove the remains of the photoresist and developer. The resulting optical lithography
pattern was checked by means of an optical microscope. The optical lithography steps

are shown in a cartoon, see Fig. A.1.

Dry etching: The dry etching procedure is similar to Ar ion sputtering, however it
involves a much higher Ar ion flow rate. The Sample with the structured photoresist
was exposed to heavy Ar ion bombardment (beam current 5 mA) for 8 minutes, see
Fig. A.2(a). Ar ion sputtering leads to sample heating. To avoid heat damage to the
epitaxial structure dry etching was performed in 4 cycles. Each cycle contained 2 minutes
of dry etching followed by 30 seconds of sample cooling. In regions where the Sample
was not covered by photoresist the epitaxial film was removed from the GaAs by the dry
etching; see Fig. A.2(b). The areas of epitaxial film covered by the photoresist were not
affected by the dry etching, since the bombarding Ar atoms were stopped in the thick
layer of photoresist above the epitaxial film. The Sample was subsequently cleaned in
acetone for 3 minutes to remove all contaminants.

The remaining photoresist containing the implanted Ar atoms had a non-uniform
thickness across the sample. This variation was caused by a non ideal distribution of
the photoresist during the spinning cycle: the photoresist exhibits a uniform thickness
in the middle of the Sample but becomes thicker at the edges. The edges of the wafer

with the thick layer of photoresist were removed using a diamond saw.
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O] Ar atom bombardment

Figure A.2: (a) - The lithographically defined waveguide in photoresist is exposed to
Ar ion bombardment. (b) shows the resulting coplanar waveguide defined by the dry
etching and optical lithography. The regions of the epitaxial film exposed to Ar ion
bombardment were sputtered away, this provides electrical isolation between the signal
line and the ground conductors of the coplanar waveguide.
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A.1.2 Coplanar waveguide in rf circuitry

The coplanar waveguide with 30 pum central conductor and 15 pm gap between central
conductor and ground planes (see s and w in Fig. 3.18(b) has a characteristic impedance
close to 50 2. This assures that no major reflections of a propagating microwave signal
occur at the coplanar waveguide. The coplanar waveguide was connected with the rf
circuitry in the following way (cf. Fig. A.3)): SMA rf frequency compatible connectors
(flat transmission for frequencies < 26 GHz) were connected to a wide (mm size) coplanar
waveguide that was located on a predesigned PCB board. A groove was made in the
PCB board to accommodate the Sample with the co-planar waveguide, see Fig.A.3. The
depth of the groove was 400 pm, which corresponds to the thickness of the GaAs wafer
that carried the Sample. The Sample was glued into the groove. The Sample coplanar
waveguide was connected with the coplanar transmission line on the PCB board using

Au wire bonds.

Sample pattemed into  Groove Au wire bonds
coplanar waveguide  in PCB board

SMA connectors
PCB board with mm size Au leads

Figure A.3: (a) - shows the PCB board with the Sample incorporated in it. Rf frequency
compatible SMA connectors are attached to the mm size Au leads. (b) shows a magnified
area of (a). The Sample on the patterned coplanar waveguide is attached to the Au
conductors of the PCB board by means of Au wire bonding.
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A.2 Sample patterning for TRMOKE experiments

The microwave transmission line and samples defined on the um scale required for the
TRMOKE experiment were made using a two step lithography process. Firstly, the
pads of the epitaxial sample were defined. Secondly, a coplanar waveguide was deposited
beside the epitaxial pads without making an electrical contact to them. Subsequently
the Sample with patterned coplanar waveguide and pads was incorporated into the rf

circuitry in the way that was discussed in Section A.1.2.

A.2.1 Defining pads of the epitaxial sample

In the TRMOKE experiments epitaxial samples consisting of thin films of Fe and Au
were epitaxially grown on a GaAs(001) substrate. The structure of these films was

20Au/12Fe/nAu/16Fe/GaAs, where the integers represent the number of atomic layers
and n = 150, 200, 250 and 300. The pads of epitaxial magnetic double layers were defined
using optical lithography. A continuous epitaxial film, see Fig. A.4(a), was cleaned with
acetone to remove major contaminants. A layer of positive photoresist was spun on
top of the epitaxial film, see Fig. A.4(b). Positive photoresist, the most common type,
becomes chemically less stable when exposed to UV light. The Sample was put into the
mask aligner. The desired epitaxial pads, see Fig. A.4(c), were oriented along the [110]
direction of GaAs(001). This orientation was required for the TRMOKE experiment
in order to separate the FMR resonance conditions of the top and bottom magnetic
layers of the 20Au/12Fe/nAu/16Fe/GaAs structure. UV light exposure and subsequent
developing resulted in the pattern shown in Fig. A.4(d). Here the continuous epitaxial

film is free of photoresist except for the pm size regions required for the specimen (pads).

The prepared Sample was exposed to an intensive Ar ion bombardment, see Fig. A.5(a).
Dry etching removed the epitaxial film from the GaAs substrate, except for the regions
covered by the photoresist, see Fig. A.5(b). The sample now consists of the GaAs wafer

carrying pm size pads of epitaxial film covered by a thick layer of photoresist.

A.2.2 Coplanar waveguide evaporation

A 200 nm thick Au coplanar waveguide was placed beside the epitaxial pads using a
thermal evaporation and liftoff procedure: the GaAs wafer carrying the epitaxial pads

(cf A.6(a)) was preheated to 90 degrees on a hotplate to reduce water contamination of
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Figure A.4: Optical  lithography of pum  size pads defining the
20Au/12Fe/nAu/16Fe/GaAs samples for the TRMOKE measurements. (a) The
epitaxial film is deposited on the GaAs substrate. (b) shows the Sample with a thick
continuous layer of photoresist on top of the epitaxial film. In (¢) a shadow mask
defining an image of the pads is aligned with the required sample orientation. UV
light illuminated the photoresist through the shadow mask affecting only the regions
exposed. The photoresist becomes soluble in the developer in the regions which were
exposed to UV light. (d) Shows the resulting photoresist structure after the sample was
cleaned with acetone. The soluble regions of photoresist were removed. The areas of
the epitaxial structure, which are needed for the TRMOKE measurements, are covered
by a thick layer of photoresist.
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Figure A.5: (a) - The sample carrying optically defined pads was exposed to Ar ion
bombardment. (b) shows the resulting pads of epitaxial film covered by a thick layer of
photoresist. The regions of the epitaxial film which were exposed to Ar ion bombardment
were sputtered away.

the surface. Shipley 1805 photoresist was spun on top of the wafer (cf Fig. A.6(b)) using
the following spinner parameters: time - 30 s, speed - 4500 rpm. The photoresist was
prebaked for 2 minutes at 90 °C. The photoresist was exposed to 20 seconds of mercury
UV light through an aligned coplanar mask, see Fig. A.6(c). The mask was positioned
as follows: (a) The waveguide was aligned along the [110] direction of the GaAs. (b)
The central 30 pym wide conductor was located right beside the pads of the epitaxial
film. The resulting pattern after developing the photoresist is shown in Fig. A.6(d).

A 200 nm Au film was evaporated across the whole wafer under an angle of 15°, see
Fig. A.7(a). The angled evaporation resulted in an undercut of the Au central conductor.
This is caused by the shadowing effect of the thick photoresist layer, see Fig. A.7(b).
The undercut ensured that there was no electrical contact between the epitaxial pads
and the coplanar waveguide. The remaining photoresist with the Au film was dissolved
by putting the Sample into an acetone bath for 30 minutes. Liftoff was finalized by
rinsing the Sample with acetone to ease the liftoff process on the edges of the coplanar
waveguide. The resulting structure is shown in Fig. A.7(c). The 200 nm thick Au
coplanar waveguide was deposited beside the pads of the epitaxial film. The epitaxial
pads were accessible for the TRMOKE laser beam. The rf excitation was provided by a

cw microwave signal passing through the transmission line.
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Figure A.6: Sample preparation for waveguide evaporation. In (a) the starting point
is shown. The pads of the epitaxial film are left on the GaAs substrate after the dry
etching. (b) shows the Sample covered by a thick continuous layer of photoresist. In (c)
a shadow mask with the image of the coplanar waveguide is aligned with the required
Sample orientation. The same mask was used as that shown in Fig. A.1. A magnified
part of the shadow mask around the 30 pum wide central conductor is shown in (c).
The mask was aligned with the waveguide axis oriented along the [110] crystallographic
direction of the GaAs(001): the [110] axis of the GaAs(001) is parallel to the [110] axis
of the Fe(001) films. UV light illuminated the positive photoresist through the shadow
mask affecting only the regions exposed. The positive photoresist becomes soluble in the
regions exposed to the UV light. (d) shows the photoresist structure after the sample is
cleaned with acetone. The soluble regions of the photoresist are removed. The pads of
the epitaxial structure which are needed for TRMOKE measurements are covered by a
thick layer of photoresist. These epitaxial pads were located at the edge of one of the
photoresist bars.
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Figure A.7: (a) A 200 nm thick Au layer was evaporated on the sample carrying the
photoresist bars. The evaporation was carried out under an angle to ensure electrical
isolation between the waveguide and the epitaxial sample pads. (b) Shows the Sample
covered by a 200 nm layer of evaporated Au. Evaporation under an angle results in an
undercut of the Au central conductor. The undercut was caused by the shadowing effect
due to the thick layer of the photoresist. (¢) The remaining structure after applying the
liftoff procedure: the Sample is put in acetone for 30 minutes and then rinsed in acetone.
The photoresist is removed from the sample leaving the Au coplanar waveguide together
with the specimen pads.



Appendix B

Transmission through FM /NM

interface

Non-local spin dynamics in metallic multilayers was first theoretically introduced by
Tserkovnyak et al. [3]. This theory is based on generalization of the Buttiker [32] theory,
which derived an ac-electric current induced by the an oscillating chemical potential. In
this appendix I will guide reader through the main steps of derivation of spin current
created at FM/NM interface.

Brataas, Brouwer [103] and Tserkovnyak extended Buttiker theory to the spin de-

pendent matrix current IPump which is expressed in the form

A on(l) 0X
PP (t) = — B.1
where X (t) is the parameter that modulates the scattering matrix S, and
0a(l) 1 = OShuw 4
= — 2 Snm !/ h B2
OX  dmi 2e ax TR (B2)

is the matrix emissivity into the lead [. The important point behind the current matrix
PP () is that it incorporates both the charge I current and the spin flow 15“™. The
total current can be be expanded as a superposition of unity matrix and three spin Pauli

matrices, which leads to spin independent I~ and spin dependent fg“mp contributions:

Tpum; ICA % rpump €
Ip p(t) = ? — O_Ig pﬁ 5 <B3)

mp

where I and fg" are the expectation values.
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B.1 Diagonalization of transmission and reflection

matrices.

In the laboratory system of coordinates with M, parallel to the Z axis (see Fig. B.1),

the scattering matrix S is defined in terms of transmission ¢ and reflection 7 matrices,

S = ( ) . (B.4)

Transmission ¢ and reflection 7 matrices have off diagonal components in the labora-

shown in Fig. B.1

S
> o

tory system of coordinates. They can be diagonalized by working in the rotating system
of coordinates, where the magnetization unit vector 7 = % is parallel to the z axis.

Mathematically it requires the unitary transformation operator U:

~ A

Fos = (UigU ™)y = UgUry oy + U Uiy (B.5)

where 7y 55 = 0557055 and

- Up Uy \ [ cosfexp™® —sin§expt (B.6)

U Uy sin g exp's coS g exp's 7 '
where the off diagonal Uj; and U;| elements show that the rotation of the system co-
ordinates leads to spin mixing. As can be seen from Eq. B.5 the products UsTU , and

U, lU , represent the spin projectors operators between the mixed to diagonalized state

coordinates. Evaluating their explicit form allows one to express them in more compact

form:
A~ A 1 - ~
Ust U =14 +:§(1+5-ﬁ), (B.7)
A~ 1 - ~
Us; U =u 25(1—5~ﬁ), (B.8)

where & is the Pauli spin operator and 77 is unit vector along the magnetization direction.
Using these transformations one can deduce the following equations for the transmission

and reflection matrices:

" tmzﬁ + t%a* , (B.10)

where 77, and f’(}’ﬁ are the diagonalized transmission and reflection matrices. The

scattering matrix S in the new system of coordinates will have the form

S' = SA'U,TT@—F + S’U’lﬂl_ , (Bll)
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Figure B.1: Schematic cartoon showing the interface between the ferromagnet (FM) and
normal metal (NM). The saturation magnetization M, of the ferromagnet is oriented in
the film plane. The angle ¢ corresponds to the angle between M and the X axis. The
transmission and reflection matrix elements are shown for scattering without spin flip.
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where
: Fust tun
Surt = . R (B.12)
tunr Tun
and
A Tuy tu
CATEE B I (B.13)
tul Tull

B.2 Spin current pumped by M(t)

Following Tserkovnyak et al. the parameter X (t) (see Eq. B.1) was identified with the
azimuthal angle (t) of M (t), see Fig. B.1. Than the current pumped into lead [ is given

with:
on(l) 0¢

o6 ot

In the rotating system of coordinates the spin current 7% (t) from Eq. B.14 will take

IPme () = e (B.14)

the following form

-~ e A out dp 4 ou~ Op
PP (t) = — S nm,ll/ . S nm,ll’ a,
®) 471 n%:l/([ UMt mm, Jp Ot + U Lnm,t Op 875]
X [S(JrJ,TT,nm,ll'ﬁ+ + SlTj,u,nm,wa_] + he) (B.15)
€ A 2+ A AT A N A e
= A ([Suatmmet 4+ Su,y|nmpt ][STU’TTynmJ/uJF + SlTJ,u,nm,l'“ ]
mn,l’
A ~ A AT S a2t A o
+[SU,TT,nm7l’u+ + S5U, 11 nmir U ][SITJ,TT,nm,l’u + Sﬁ,u,nm,pu 1), (B.16)
where 5
~+ 1,5 0On
= —=(0- — B.17
it =365 (B.17)
and 5
- 1.~ 01
— (g 2. B.18
S5 (B.15)
Buttiker theory yields the following relations for S matrix:
StS =1, (B.19)
§t8 = 5% (B.20)

/9

where indicate derivatives with respect to the slowly varying potential. Using these

identities Eq.B.15 can be rewritten

A € A At 2t g 2t
Ipump(t) = R Z (SU7TT,nm7l’SU’TT,nm,l’ [u U+ - U+U ]

mn,l’
S s Sh  a — i ] 4 S8 —
FSU Lm0 @ = W0 ]+ SU1am Sy | [ W — 07U
A A O A2t
+Slel7nmul,STU,TT,nm,l/ [U +
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Using the identity (7 - A)(¢ - B) = (A- B) + i?(A x B), which holds for Pauli vector
matrix the explicit form of the products involving the spin projector operators u™* ™

and their derivatives in Eq.B.21 are

et —atat] = %&[ﬁ < 7, (B.22)

G — i ] = %3[7’7 < 7. (B.23)
it — ot ] = %(& ) — 6T X 7, (B.24)
[0 at—a i ] = —%(3 i) — %&[ﬁ X 7] . (B.25)

Inserting B.22, B.23, B.24 and B.25 into B.21 one gets

(&

T _ G all G all
[pump(t> - % Z (SU,TT,nm,l’SU,TT,nm,V + SU,li,nm,l’SU,u,nm,l'
mn,l’

S

)

€ A 4 A A 5
+% Z (SU,TT,nm,l’SrTJ,u,nm,w - SU,il,nm,l’STUm,nm,z/)(‘7 1) (B.26)
mn,l’

A AT A AT JANpREN
—SU1mm Sy | |t T SULLnmd? Sy 11 . )F (7 X

The expectation value of the spin current can be found as trace of the diagonalized

~

IPvmP(t) and yields

A h on h on
ITP(t) = —47TA7. (n X _875) _47TAZ_825 : (B.27)

where the interface scattering parameters A, and A; are given by

Alr) =5 > (rmnvat = Pmnoi ] + o1t = tmno 1%, (B.28)
A@) =Tm Y (om0 1m0y, + e 031 En011) (B.29)

mn

It turns out that the imaginary part A(¢) is almost negligible due to the phase cancellation

of the reflection and transmission coefficients and averaging over interface roughness.
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